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PREFACE 


The  deairc  to  "see"  through  limited  vitibility 
envlronmentc  euch  »  fogs,  clouds,  and  smokes 
has  recently  motivated  substantial  interest  in  that 
portion  of  the  electromagnetic  spectrum  having 
wavelengths  near  1  mm.  This  region  appears  to 
offer  an  attractive  compromise  between  the  high 
resolution  capabiliUes  of  infrared  radiation  and 
the  low  lou  propagation  characteristics  of  micro- 
waves.  The  technology  base  for  such  millimeter/ 
submiliimeter  wavelengths  is,  however,  extreme¬ 
ly  limited. 

In  early  1977,  the  U.S.  Army  Materiel 
Development  and  Readiness  Command 
(DARCOM)  and  the  Defense  Advanced 
Research  Projects  Agency  (DARPA)  provided 
support  to  the  Harry  Diamond  Laboratories  for  a 
compreheruive  study  of  the  status  and  projected 
future  of  millimeter/submillimeter  technology. 
With  this  goal  in  mind,  the  editors  organized  a 
study  panel  consisting  of  50  scientists  and 
engineers,  from  government,  industry,  and 
academia.  Each  of  these  individuals  was  careful¬ 
ly  chosen  on  the  basis  of  his  recognized  contribu¬ 
tions  to  the  technology. 

The  full  panel  and  several  subpanels  met 
numerous  times  over  a  nine  month  period.  Their 
first  task,  of  course,  was  to  define  and  bound  the 
assigned  investigation.  In  this  regard,  it  was  clear 
from  the  outset  that  two,  historically  distinct 
camps  of  individuals  existed— those  working  in 
millimeter  wave  technology,  and  those  working 
in  submillimeter  wave  technology.  Those  with 
millimeter  wave  experience  were  approaching 
the  1  mm  region  technology  mainly  from  an 
electronics  viewpoint,  whereas  those  with  sub- 
millimcter  wave  experience  were  approaching 
from  an  optics  viewpoint.  Obviously,  it  was  im¬ 
portant  to  clearly  define  the  spectral  region  of  in¬ 
terest  for  the  panel.  Since  the  panel  was  re¬ 
quested  to  examine  specifically  that  portion  of 
the  millimeter/submillimeter  region  wherein  the 
technology  was  in  its  very  early  stages,  those 
areas  having  had  more  significant  past  funding. 


and  thus  closer  to  the  stage  of  engineering 
development,  were  deemphasized.  Thus,  it  was 
decided  that  the  panel's  efforts  would  be  focused 
on  that  region  bounded  by  the  atmospheric  "win¬ 
dows"  at  100  and  ICOO  GHz  (3  to  0.3  mm).  This 
portion  of  the  spectrum  excluded,  for  example, 
the  more  developed  3'  GH?  and  was  felt 
to  represent  the  romnromise  between  optics  and 
microwaves  ment)''  :(.'d  earlier. 

The  editors,  by  analogy  to  the  designation  of 
various  infrared  bands,  coined  the  niiime  "near¬ 
millimeter"  to  designate  that  portion  of  the  spec¬ 
trum  of  interest.  Several  advantages  accrued 
from  the  use  of  this  new  terminology.  First,  it 
formalized  the  acceptability  of  a  common 
meeting  ground  for  optics  and  electronics,  thus 
encouraging  a  constructive  interchange  between 
millimeter  and  submillimeter  proponents, 
Second,  it  eliminated  the  dual  "millimeter/ 
submillimeter"  designation  so  frequently  used  to 
describe  that  region  around  300  GHz.  Third,  it 
constituted  a  fundamental  frequency  band  desig¬ 
nation  in  powers  of  10  which  blended  nicely  with 
similar  designations  of  other  portions  of  the  spec¬ 
trum. 

Having  bounded  their  assigned  task  in  terms  of 
frequency,  the  "Near-Millimeter  Wave  Technol¬ 
ogy  Base  Study  Panel"  organized  into  three  sub¬ 
panels: 

I.  Propagation  and  Target/ Background 

Characteristics 

II.  Components 

III.  App'ications 

Reports  were  prepared  in  each  of  these  areas  by 
members  of  the  panel.  These  in  turn  have  been 
supplemented  by  considerable  additional 
material  compiled  from  visits,  conversations, 
and  further  review  of  current  literature  by  the 
editors. 


V 


The  final  output  of  this  study  effort  U 
preacntcd  in  a  founwolumc  set,  plus  an  executive 
summary.  This  first  volume  (I)  deals  primarily 
with  propagation  effects  aiv*  target/background 
signatures.  A  Selected  Bibliogrsphy,  foUowing 
Chapter  Vlll,  complements  the  literature 
lefcmiccs  found  at  the  end  of  each  chapter. 
Volume  11  deals  with  components,  and  Volume 
III  deals  with  specific  applications  of  the 
technology.  A  fou^  volume  contains  classified 


information  relevant  to  tire  precedittg  three 
volumes.  It  is  hoped  that  these  volumes  will  be 
found  to  be  useful  as  a  general  reference  for  re¬ 
searchers,  system  designers,  and  program 
managers  whose  interests  extend  into  that  por¬ 
tion  of  the  spectrum  wherein  standard  electronic 
aiwl  optical  techniques  truly  overlap. 

Stanley  M.  Kulpa 

Edward  A.  Brown 
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It  Is  the  intent  of  this  chapter  to  provide 
material  which  complements  and  somewhat  ex¬ 
pands  the  areas  discussed  in  the  following 
chapters.  Since  the  various  other  chapters  were 
completed,  the  editors  have  had  the  opportunity 
to  discuss  and  review  considerable  additional 
material.  Important  highlights  of  this  material 
are  presented  in  this  chapter,  with  numerous  re¬ 
cent  references  otherwise  not  found  in  the  text. 
By  presenting  the  additional  material,  ihe  editors 
hope  to  provide  an  up-to-date  volume  which  will 
be  Interestii^g,  informative,  and  valuable  for  the 
newcomers  to  near-millimeter  wave  technology 
as  well  as  for  those  whose  expertise  in  NMMW 
propagation  and  sigiuture  effects  exceeds  that  of 
the  editors. 

I-l.  CLEAR  ATMOSPHERE  EFFECTS 

The  near-mlllimeter  portion  of  the  elec¬ 
tromagnetic  spectrum,  as  originally  defined  by 
the  editors,  spans  the  region  bounded  by  the  at¬ 
mospheric  “windows"  at  100  and  1000  GHz. 
Near  sea  level,  the  principal  molecular  absorbers 
in  this  region  are  HaO  and  Oa.  The  oxygen  lines 
centered  at  60  and  118  GHz  add  to  the  water  ab¬ 
sorption  spectrum  which  is  composed  of 
numerous  lines  extendir<g  into  the  infrared. 
When  one  attempts  to  compare  the  limited  ex¬ 
perimental  data  for  atmospheric  HaO  with  ex¬ 
isting  theories,  it  is  found  that,  invariably, 
measured  absorption  in  the  window  regions  ex¬ 
ceeds  theory.  In  an  excellent  review  article. 
Waters'  discusses  this  situation  in  detail.  Figure 
I-l  shows,  for  example,  the  predicted  and 
measured  values  in  the  region  near  the  22-  and 
183-GHz  lines.  Both  the  Van  Vleck-Weisskdpf 
and  the  Gross  line  shapes  fail  to  give  adequate 
absorption,  except  near  line  center.  A  similar 
situation  is  found  for  other  windows,  for  exam¬ 
ple,  345  and  415  GHz,  etc,  in  the  water  absorp¬ 
tion  spectrum.  The  discrepancy  between  the 
Gross  line-shape  predictions  and  measurements 
appears,  within  10  percent,  to  be  describable  by 
a  correction  term  which  is  proportional  to  the 

W.  Wnttn.  Ahiorpthn  and  Emiuhn  hy  Atmatphtric  Gums, 
MtthodM  of  Exparimantal  Phy»ic»,  vot.  12.  Part  B,  Ch  2.S,  M.  L. 
MmIcs,  Ed,,  Acadtmic  JPnu  (1976). 


square  of  the  frequency.  Gaut  and  Reifenstein* 
proposed  an  empirical  correction  term.  Aery,  of 
the  form 


Abv  -  4.69  X  KT*  (dB/km)  ,  (1) 


Figure  1-1.  Comparison  of  calculated  and  mcsMircd 
water- vapor  absorption;  T  “ 

30Q  K.  and  P  -  1013  mbar.  Van  Vleek-tVelsskopf 

line  shape  (—),  Gross  line  shape  ( - ),  Gross  line 

shape  with  added  empirical  correction  ( - ),  mea¬ 

sured  values  ( 9), 

As  shown  in  figure  I-l,  this  added  term,  for 
300  K  and  1000  mbar  pressure,  yields  close  agree¬ 
ment  with  measured  values.  In  fact,  as  shown  in 
figure  1-2,  the  discrepancy  between  measured 
points  and  calculated  absorption  closely  follows 
the  empirical  correction  term  (solid  line  in  the 
figure)  throughout  the  near-mlllimeter  region. 
The  validity  of  this  term  at  other  temperatures 
and  pressures  has,  however,  not  been  tested  ex¬ 
perimentally. 

The  "excess"  absorption,  sometimes  refer¬ 
red  to  as  anomalous  absorption,  bears  a  striking 
similarity  to  the  IR  continuum  absorption  as 
discussed  by  Carlon.^  *  Its  origin  is  not  currently 
understood.  A  possible  source'  of  discrepancy 

*N.  £.  Gaut  and  E,  C.  BtifansttlH,  III,  Environmanial  RtMarch  and 
Tachnology  Report  13,  Ltxlngton,  MA  (1971), 

*H.  R  CiiWon.  PhoM  Tranrttlon  Changes  in  the  Molecuhr  Absorp¬ 
tion  Coefficient  of  Water  the  Infraredi  Evidence  for  Clurten,  Ap- 
plied  Optics,  vol.  17,  no.  20  (15  October  1978).  3192-3193. 

*H.  R.  Cation,  Molecular  Interpretation  of  the  IR  Water  Vapour 
Conliftuum;  Comments,  Applied  Optics,  uoJ.  17,  ho.  20  (15  Octo&jr 
1978),  3193-3195. 
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Flgur*  1-2.  Ditcrtpancy  batwicn  mtaiurtd  and 
caiculatad  (Groaa  Una  ihapa)  abnoapharic  water 
vapor  abaorpUon.  Solid  lint  it  the  empirical  correc  ¬ 
tion  term  for  a  water  vapor  density  of  1  g/m‘.  T  >■ 
300  K,  P  -  1000  mbar. 

between  the  measured  and  calculated  absorption 
values  may  depend  upon  the  impact  assumption 
used  in  deriving  the  collision  line  shapes.  Instan¬ 
taneous  collisions  are  assumed,  thus  neglecting 
any  effects  that  occur  within  the  duration  of  the 
time  of  the  collision.  Figure  1-2,  however,  sug 
gests  that  this  assumption  may  be  responsible  for 
the  excess  absorption  that  is  observed.  This  may 
be  seen  through  the  following  arguments.  Ben- 
Reuven*  has  shown  that  the  absorption  should  be 
proportional  to  v’  multiplied  by  the  Fourier 
transform  of  the  autocorrelation  function  of  the 
dipole  moments.  Figure  1-2  therefore  implies  that 


*A.  b$n-Ktuv*n,  Advances  /rt  Atomic  and  tAotacular  Phyitcs,  vol. 

5  (1969).  201, 
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this  transform  is  constant  over  a  frequency  range 
of  at  least  10“  Hz.  Thus,  an  excew  dipole  mo¬ 
ment  may  exist  for  a  time  shorter  than  typical 
collision  times  of  10'“  s. 

Figure  1-3  shows  the  results  of  chamber  ab¬ 
sorption  measurements  by  Llewellyn-Jones, 
Knight,  and  Gebbie  at  213  GHz.*  An  excess  com¬ 
ponent  with  quadratic  water  vapor  pressure 
dependence  is  clearly  evident,  which  strongly 
suggests  an  Interaction  involving  more  than  one 
water  molecule.  The  temperature  dependence  of 
this  quadratic  factor  (fig,  1-4)  is  considerably 
larger  than  that  predicted  for  equilibrium 
dimers.*  An  explanation  for  this  is  being  sought 
in  terms  of  non-equilibrium  species.  In  general, 
as  discussed  by  Carlon,*  the  temperature  and 
pressure  dependence  of  water  vapor  absorption 
may  be  considered  more  complex  than  that 
predicted  for  monomer  species.  It  seems  that 
aside  from  line  shape  changes  for  explaining  the 
excess  absorption,  polymolecular  or  cluster- 
type  phenomena  may  be  important,  especially 
for  low-temperature,  high  humidity  conditions. 

Field  measurements  in  the  near-millimeter 
region  are  extremely  few  in  number.  Of  the  data 
shown  in  figures  I-l  to  -4,  only  those  points  in 
figure  1-1  near  183  GHz  are  field  data,  whereas 
the  remainder  are  results  from  laboratory 
measurements.  Those  points  near  183  GHz  are 
the  results  of  numerous  workers,  with  attempts 
to  reduce  the  data  to  common  meteorological 
conditions.  Other  field  studies  which  highlight 
some  of  the  important  propagation  issues  are 
best  discussed  in  terms  of  either  horizontal-  or- 
vertical-looking  measurements. 

Hogg's  and  Westwater's  recent  horizontal 
studies  at  70  and  80  GHz’  *  the  results  of  which 


*H.  R.  Carton,  Moltcular  Initrprttallon  of  Ihi  IR  Watar  Vapour 
Conllnuumt  Comminti,  Appiltd  Optia,  uol,  17,  no,  20  (IS  Octobtr 
197t),  3103-310S 

*D.  T,  LUwtIlyn-lomi,  R.  /.  Knight,  and  H.  A.  Gabbit,  Abrorpllon 
by  Watar  Vapour  at  7.1  cm''  a>irf  IK  Tamparalura  Dapandanca, 
Nalura,  vol.  274  (August  1979),  976-979, 

’E.  R.  Waatwatar  and  D.  C,  Hogg,  Evidanca  for  tha  (}uadrallc 
Dapandanca  on  Watar  Vapor  of  lha  Mlcroioaua  Abiorptlon  Coaffl- 
clant  of  Moist  Air,  praaanlad  ai  lha  URSI-Nallanal  Radio  Sclanca 
Maaling,  Bouldar,  CO  (fanuary  1979), 

'D,  C.  Hogg,  Maasuramanis  of  70-  and  90-GHt  Altanuallon  by 
Watar  Vapor  on  a  Tarraalrlat  Path,  praaanlad  at  tba  URSI-Nallonal 
Radio  Sclanca  Matting,  Bouldar,  Co  (fanuary  1979). 


TOTALATTENUATION 


■VP 

PARTIAL  PRESSURE  OF  WATER  VAPOR  (TORR) 


Fisur*  M.  Mtwund  water  vapor  abtorp* 

tton  (kpaiMUnca  on  tha  partial  pramira  of  water 
vapor  phu  700  lorr  of  nitroRtn.  Thi  da$hed  lint  cor- 
rvsponif*  to  monomer  prcdletiona, 

are  shown  in  figure  I<S,  itrongly  support  the 
evidence  of  a  square-law  dependence  on  water 
vapor  content.  If,  in  fact,  one  attempts  to 
describe  the  data  with  a  linear  fit,  the  resultant 
absorption  for  zero  humidity  is  not  consistent 
with  the  remaining  oxygen  absorption. 

(■ 

Gebbie  et  al'"’'*  have  reported  horizontal 
path  measurements  which  indicate  considerable 
structure  in  the  absorption  windows  (fig.  1-6). 
They  have  concluded  that  their  field  measure- 


'R.  /.  Eimry,  P.  Mofhl,  R,  A.  Bohlundtr,  and  H.A.  Ctbblt, 
Mtaturtmanli  of  Anomaioui  Abiorptlon  In  Iht  Wavtnumbtr  Rangt 
Si-m"'  -  IScM'V  loumal  of  Almoiphtrle  and  Ttmilrial  Phyilcs.  vol, 
37  <1975),  3S7-SM. 

"R.  /.  Enury,  A.  Zmioilv,  and  If  A,  Ctbbit,  Furttuir  Mtaiunmtnli 
of  Anomaloia  AtmoaphtHc  Abiorptlon  in  Ihi  Rai4i  4  em~'  —  15 
em",  foumal  of  Almoiphtrle  and  Ttmilrial  Phyilci  (lubmilltd  for 
publlcallon). 

*N.  A.  Ctbbit,  prlvalt  communlcallon  (Ftbruary  J97S). 


nients  indicate  an  absorption,  in  excess  of  the 
monomer  contribution,  which 

(1)  Is  variable  in  both  strength  and  spectral 
distribution, 

(2)  Does  not  appear  to  depend  in  any  sim¬ 
ple  way  on  the  standard  meteorological  variables 
of  temperature  or  water  vapor  density, 

(3)  Is  strongest  at  high  levels  of  saturation 
and  appears  to  be  particularly  so  when  liquid 
water  or  ice  is  present  along  with  vapor  in  or 
near  the  absorbing  path, 

(4)  For  a  given  amount  of  water,  increases 
rapidly  with  decreasing  temperature,  and 

(5)  Generally  shows  greater  anomalous 
absorption  than  laboratory  measurements. 


TEMPERATURE  IKI 


Figure  1-4.  Measured  temperature  dependence  of 
quadratic  wateivvapor  absorption  components  at 
219  GHz.  The  dashed  line  refers  to  predicted  absorp¬ 
tion  o/ equilibrium  dimers  having  a  binding  energy  of 
0.16  eV. 
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Figur*  I>S.  MuMind  dtptmknM  of  tamitfarUI  path 
(1.5  km)  aboorptlon  on  abaoluta  humtdity. 


Some  of  these  phenomena  may  be  at¬ 
tributable  to  the  difficulty  of  absolute  calibration 
and  to  the  fact  that  extremely  long  integration 
times  were  used  in  performing  the  Fourier 
^  transform  spectroscopy.  It  is  generally  agreed 
that  during  these  times  (of  about  20  to  30  min), 
local  meteorological  conditions  can  change  con¬ 
siderably  and  thus  account  for  the  lack  of 
reproducibility.  What  are  important,  however, 
are  the  strong  absorption  increases  which  con¬ 
sistently  become  more  apparent  at  low  temper¬ 
atures  and  near  saturation.  After  all,  it  is  these 
very  conditions  which  will  prevail  in  a  foggy 
European  environment  wherein  near-millimeter 
waves  are  postulated  to  be  useful  for  remote  sen¬ 
sing. 


When  investigating  the  different  results 
reported  for  vertical  propagation  effects,  one 
finds  a  situation  quite  similar  to  that  of  the 
horizontal  studies.  Figure  1-7  shows  the  results  of 


Figure  1-6,  Atmospheric  tronsmisilon  over  a  216-m 
path;  W  mean  ttmparature  of  9  C,  raktive  humidity 
•  95  percent,  1.8S-mm  precipitable  water,  (b)  mean 
temperature  of  2  C,  relative  humtdity  —  82  percent, 
1.0-mm  precipitable  water,  ( - )  indicates  calcu¬ 

lated  monomer  spectrum  In  both  cases. 
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zenith  opacity  calculation*  reported  in  Water* 
review.'  For  compariaon,  Gebbie'i  et  al  tranimia- 
•ion  meaaurement  above  Mauna  Kca"  it  shown 
in  figure  I-fl,  together  with  predicted  value*. 
Again,  one  may  note  the  "excess,"  structured  ab< 
sorption  in  the  atmospheric  windows.  As  for  the 
horizontal  experiments,  controversy  over  these 
results  centers  about  the  absolute  calibration 
techniques  used  and  the  long  integration  times 
(30  min)  required  for  adequate  signal  recovery. 


n  I' 

Lll ! 


1  > 


i  i  i 


(FniOUlNCYlOHlI 

Figurs  1-7.  Atmospheric  senllh  opacity  from  sea  level 
calculated  with  water  vapor,  oxygen,  and  oxone  ab¬ 
sorption  contrlbuUons.  Model  utllhts  1962  Standard 
Atmosphere,  Cross  line  shapes,  and  empirical  correc¬ 
tion  term.  Curve  Including  water  effects  assumes  a 
10-g/m'  surface  density  with  2-km  scale  height.  The 
narrow  lines  most  apparent  for  the  case  of  no  water 
are  attributable  to  ozone. 


■/.  W.  Walen,  AbiorpHen  end  Emlulan  by  Atmasphtric  Gout, 
Melhodt  of  Eiperimenlel  Physics,  oal,  12,  Part  H,  Ch  2.J,  M,  L. 
Meeks,  Ed.,  Academic  Press  (tP76), 

"P,  H,  Maffal,  R,  A,  Bohlander,  IV.  R.  Macrae,  end  H,  A.  Gabble, 
Atmosphere  Absorption  between  4  and  30  cw"'  Mrsiurrd  Above 
Mauna  Kea,  Nature,  uot,  269  (October  1977),  676,677, 


FMaUtNCVIOHi) 

Figure  1-6.  Atmospheric  transmission  measured  at 
Mauna  Kca,  unlth  angle,  5$  deg.  Solid  curve  repre¬ 
sents  nine-day  average  with  mean  water  vapor  con¬ 
tent  of  1.9-mm  precipitable  water  In  path,  Dashed 
curve  Is  theoretically  predicted  absorption.  Displaced 
error  bars  represent  a  standard  deviation  of  noise  on 
the  spectra. 


Recently,  Hills  et  al"  have  begun  to  report 
on  their  Fourier  transform  measurements  of  ab¬ 
solute  absorption  and  emission  in  the  range  of 
100  to  1000  GHz.  Using  liquid  helium-cooled 
detectors  and  very  careful  calibration  pro¬ 
cedures,  they  have  obtained  typical  vertical 
measurements,  such  as  that  shown  in  figure  1-9." 
The  absence  of  structured  absorption  in  these  ex¬ 
periments  is  striking.  Hills  feels  that  his 

••R.  E.  Hills,  A,  S.  Webster,  O,  A.  Alston,  P.  L  R,  Morse,  C  C, 
Zammit,  D,  H.  Martin,  D,  P,  Rice,  and  E,  I,  Robson,  Absolute 
Measurements  of  Almotphtric  Emiulan  and  Absorption  In  the  Rente 
100  -  1000  CHt  reported  al  the  Third  International  Conference  on 
SMM  Waves  (April  19'7S);  published  In  Infrared  Physics,  vol.  18,  no. 
S/6  (1978),  819-828, 

*R.  E.  Hills,  Mullard  Radio  Astronomy  Observatory,  Cambridge, 
England,  private  communication  (December  1978), 
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mcuuKincntf  «rt  generally  consistent  (see  fig. 
I'lO)  with  the  predictions  as  discussed  In  Waters' 
article.  These  calculations,  it  should  be 
remembered,  utilize  the  Grou  line  shape  and  the 
empirical  v*  correction  term  discussed  earlier.  It 
should  alto  be  mentioned  that  relatively  short  in¬ 
tegration  times  ('^'6  min)  were  possible  in  these 
experiments,  thus  reducing  the  effects  of 
meteorological  variability. 


Rgiura  1-9.  Zenith  trammlasion  tiiectrum  mtasiiied  by 
HUs  et  al  at  Tenerife  (3-GHz  rtMolutlon,  Hntur  apodi- 
zatioH,  6-mln  MtgmUon  tlmt). 


Figure  I-IO.  Zenith  bransmiielon  spectrum  at  Tenerife 
as  calculated  by  HlUi  et  al.  Calcuktlona  include  the 
effecti  of  Oi,  HiO,  and  0*  with  Grose  line  shapes 
and  the  empirical  correction  term.  Altitude  2,4  km, 
water  content  1  mm,  scale  height  2  km,  and  results 
smoothed  to  3  GHz  resolution, 


Only  a  few  single-frequency  measurements 
have  been  reported  on  zenith  opacity  in  the  near¬ 
millimeter  wave  region. In  an  attempt  to  cor¬ 
relate  measured  absorption  with  th*;  total 
predpltable  water  content  along  the  vertical 
path,  the  assumption  is  often  made  that  the  con¬ 
tent  is  linearly  proportloiud  to  the  surface 
humidity.  As  discussed  in  Waters'  and  Wiixon,'* 
such  an  assumption  can  be  of  limited  validity'. 
Since,  however,  real-time  simultaneous 
measurements  of  condensed  water  have  not  yet 
been  made,  the  surface  density  correlation  is 
often  used.  Ideally,  the  method  of  choice  would 
be  to  use  dual-chtmnel  radlometry  (or  real-time 
measurement  of  vapor  and  condensed  water 
along  the  observation  path. 

Plambeck's'*  225-GHz  measurements  from 
a  1-km  site  elevation  are  shown  in  figure  I-ll. 
From  that  height,  theory  predicts  zenith  absorp¬ 
tion,  A,  whose  dependence  on  the  surface  water 
vapor  density,  q,  varies  as 

A(dBi  "  O.SO  e  .  (2) 

Figure  I-ll  shows  a  reasonably  good  correlation 
witl)  this  prediction  if  the  observations  through 
cloud  and  rain  cover  are  excluded. 

For  observations  from  sea  level,  the  theory 
predicts 


A(dB)  -  0.54  c  .  (3) 


'/■  W.  lV«(«n  Ak.irptlon  anil  Emlulon  by  AtmoiphsHc  Cans, 
Methotlt  of  ^imimanlal  Phiittcf,  vol.  12,  Pan  II,  Ch  2.3,  M.  L, 
Maah,  Ed, ,  Acadamk  Prtti  (t976), 

"K.  L,  Plamhaek,  MtasurtnmU  of  Atmosplnrlc  Allanmihn  near 
225  CHti  Corrtialhn  with  Surface  Water  Vapor  Denelt^,  IEEE 
Traneacllone  on  Antennae  and  Propatallon,  vol,  AP-26  (September 
im),  737-m. 

'‘G.  T,  Wrixon  and  K,  IV.  MeMlllan,  Meaeurmenti  of  Earth-Space 
AtlenuaHon  at  23C  OHt,  IEEE  Tmneactloiu  on  Microwave  Theory 
and  THhHleuee.  vol.  MTT-26,  no.  t  (June  I97t),  434-439, 

“F.  I.  Shlmabukuro  and  E.  E.  Epetein,  Attenuation  and  Emieelon  of 
the  Atmosphere  at  3,  J  mw.  IEEE  Traniactlone  on  Anitnnat  and  Ptap- 
esatlon,  vol.  AP-U  (1970),  «5. 

"A.  V.  Sokolov,  E.  V,  Sukhonin,  and  I,  A,  lekhakov.  Attenuation  of 
Radio  Wavet  at  Wavelengtha  from  0,4S  to  4,0  mm  In  the  Earih'i  At¬ 
mosphere  through  llw  Slant  Patbi,  presented  at  the  Second  Interna¬ 
tional  Conference  on  5MM  Waves,  San  fuan  (December  1976). 
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W  n  and  McMillan'^  have,  however,  found 
th4  ;3(XiHz  clear  tky  attenuation  meaiure- 
menti  from  Holmdel,  N),  yield 

A(dB) -0.33e  .  (4) 


The  lource  of  thia  diicrepancy  ii  not  clear, 
though  it  may  be  related  to  the  surface  water 
vapor  correlation  at  dUcuiaed  earlier. 


MMtCI  tNATm  VAIKIH  MNWTY 


Figure  Ml.  Zenith  opadly  meaeured  near  22S  GHa 
vcrwe  lurface  water  dcntity,  Much  of  the  scatter  Is 
due  to  fluctuations  In  the  distribution  of  water  vapor 
within  the  atmosphere,  but  most  points  lying  more 
than  1  dB  above  the  theoretical  curve  were  obtained 
when  looking  through  heavy  cumulus  clouds  or  rain 
showers.  The  theoretical  curve  was  calculated  as  de¬ 
scribed  by  Waters,  using  a  1-knt  site  elevation  and  a 
2-km  scale  height  for  the  water  distribution  In  the  at¬ 
mosphere, 

“G.  T,  Wrixon  and  It,  W,  McMillan,  Maasuramintt  of  Barth-Space 
'AtUnuallon  at  230  GHt,  IEEE  Trantactlom  on  MIerowavt  Thtory 
and  Tichniquet,  ual,  MTT-20,  no,  6  (/mm*  197#/,  4J4-i39. 


It  it  interesting**  that,  at  225  GHz,  the  con¬ 
tribution  from  the  empirical  v*  correction  term 
required  to  match  theory  and  experiment  is  ap¬ 
proximately  85  percent  of  the  total  absorption. 
The  Importance  of  understanding  the  physical 
origin  of  this  term  should,  therefore,  be  clear, 

Figures  I-12‘*  and  -13'*  show  additional, 
zenith  absorption  measurements  near  the 
100-  and  lOOO-GHz  boundaries  of  the  near- 
millimeter  region,  In  both  figures,  the  best 
straight-line  fit  to  the  data  is  indicated. 


Figure  1-12.  Zenith  opacity  nwatured  at  90  GHz  versus 
surface  water  vapor  density.  Straight  line  is  a(dB)  <" 
0.17  +  0.06  Q(g/m*). 


1-2.  HYDROMETEOR  EFFECTS 

As  discussed  earlier,  near-millimeter  wave 
technology  is  of  interest  primarily  since  near¬ 
millimeter  waves  seem  to  offer  the  potential  of 
being  able  to  "see"  through  fogs,  clouds,  and 

"R.  L.  Platnbtck,  Mtasunminis  of  Almotphtric  AlUnuatlon  near 
22S  GHt:  Comialion  with  Surface  Water  Vapor  Denatlp,  IEEE 
Traniactlona  on  Antennas  and  Propagalhn,  vol,  AP-26  (Stpltmhtr 
tm),  737-738. 

"F.  /.  S/tlMubu/curo  and  E.  E.  Ep>l((n,  Attenuation  and  EmUilon  of 
the  Atmosphere  at  3,3  mitt,  IEEE  Transactions  on  Antennas  and  Prop¬ 
agation,  vol,  AP-IB  (1970),  48S 

“A.  V.  Sokolov,  K,  V,  Sukhonin,  and  I,  A.  Iskhakov,  Attenuation  of 
Radio  Waves  at  Wavelengths  from  0.4S  to  4.0  mm  In  the  Earth's  At¬ 
mosphere  through  the  Slant  Paths,  presented  at  the  Second  Interna¬ 
tional  Conference  on  SMM  Waves,  San  loan  (December  19781. 
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nnokc.  Basically,  f oga  and  clouda  coralat  of  con- 
danatd  waltr  dfopleta  or  let  crystals  suspended 
in  a  medium  of  1^  relative  humidity  and,  fre< 
quantly)  low  temperatures.  It  should  be  recalled 
that  tl^  conditions  an  similar  to  those  under 
which  our  understanding  of  dear  air  propagation 
is  probably  the  poorest.  Thus,  for  properly  inters 
preting  measurements  in  a  given  meteorological 
environment  one  is  left  with  the  important  prob* 
Icm  of  separating  the  attenuation  e^ts  of  water 
vapor  near  saturation  conditions  and  those  of 
pr^pitating  water  liquid  or  Ice. 


Rgun  1-13.  Zenith  opacity  uitasanKi  nt  240,  411,  and 
647  GH«  versus  surface  water  density.  Dotttd  points 
nuMurtd  by  solar  transmission  und  Irlangit  points 
measured  by  atmospheric  emission, 


Experimental  fog  and  cloud  data  in  the 
NMMW  portion  of  the  spectrum  are  almost 
noitexistent.  Richard  et  al‘'  at  the  Ballistic 
Research  Laboratories  (BRL)  have  performed  fog 
measurements  over  a  725-m  land  path  and  com¬ 
pared  those  (flR.  1-14)  with  Robinson's 
measurements  at  35  GHz.'*  In  both  cases,  ap¬ 
paratus  was  not  available  to  properly 
characterize  the  fog  by  particle  density  and  size 
distributions.  Instead,  the  fogs  were  described  by 
transmissometer  measurements  of  visibility  ac¬ 
curate  to  ±10  percent.  As  can  be  seen  from  the 
figure,  there  is  a  considerable  scatter  of  data 
points  when  characterizing  the  fog  by  its  visibili¬ 
ty.  This  b  not  surprising  since,  at  near-millimeter 
wavelength,  when  drop  sizes  are  small  compared 
with  the  wavelength,  the  attenuation  is  not  very 
sendtivc  to  the  drop  size  whereas,  at  optical 
wavelength,  it  is  very  sensitive  to  drop  size.  In 
both  the  35-  and  the  140-GHz  cases,  the  attenua- 


Flgure  1-14.  Meawred  and  calculatad  fog  attenuation 
at  35  and  140  GHz. 


"V.  W,  KIchard,  ],  E,  Kammertr,  «nd  R.  C.  Rtlu,  140-CHt  Alliniui- 
lion  und  Opiltal  Visibility  Mtasursmtnlt  of  Fag,  Rain,  and  Snow, 
U.  S.  Amy  Ballistic  Labaratorlas  Memorandum  Report  ARBRL- 
MR-iaOO  (Dtcsmbsr  1977), 

"N.  P.  Kofctnion,  Measursmsnts  of  ths  Efftcl  of  Rain,  Snow,  and 
Fogs  on  B.6-mm  Radar  Echon,  IVoc.  lEE,  London,  val.  203B 
(Ssptsmbsr  195S),  709-714. 
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Uora  measured  arc  larger  than  that  predicted  for 
radiation  fogs  which  more  commonly  occur  over 
land  paths. 

It  is  important  to  recognize  that 
throughout  this  discussion  of  reported 
measurements  of  attenuation  by  hydrometcors 
{fogs,  clouds,  rain,  snow,  and  hail),  no 
meteorological  measurements  have  been  made  to 
allow  separation  of  absorption  effects  due  to 
water  vapor,  liquid,  and  ice  along  the  propaga¬ 
tion  path.  What  is  normally  reported  is  the  "ad¬ 
ditional"  attenuation  apparently  due  to  the 
hydrometeors,  thus  n^lecting  vapor  absorption 
effects  which,  as  discussed  earlier,  become  par¬ 
ticularly  confusing  near  saturation,  Another 
problem  discussed  briefly  in  Chapter  III  centers 
about  the  dielectric  constant  data  of  water  and 
ice  for  use  in  theoietical  predictions  of  attenua¬ 
tion,  There  is  significant  variability*’  in  these 
data,  particularly  for  temperatures  lower  than 
20  C  and  for  the  higher  frequencies, 

Emery,  Zavody,  and  Gebbie'"  have  recent¬ 
ly  performed  broadband  fog  attenuation 
measurements  using  the  Fourier  transform 
system  discussed  earlier.  Results  of  these 
measurements  are  shown  in  figures  1-15  and  -16, 

As  for  the  clear  air  spectra,  structured  spectral 
features  which  do  not  match  predictions  are  seen 
in  the  window  regions.  The  level  of  structure  was  _ 
observed  to  correlate  with  fog  density  on  a  I 
number  of  occasions,  an  example  of  which  is  | 
shown  in  figure  1-16,  Three  consecutive  | 
measured  spectra  are  shown  in  conditions  where  s 
the  fog  density  was  slowly  increasing.  Structure  | 
in  the  window  region  is  clearly  seen  to  be 
building  up  with  the  fog  density.  Aside  from 
these  features,  the  overall  attenuation  levels  at 
230,  345,  and  415  GHz  appear  to  be  very 
substantial. 

"K,  I.  Entiry,  A,  Zm)ody,  and  H,  A,  Gibbla,  Furthar  Mtatunnunlt 
of  Anonulout  Atmotphaiie  AbaorpHon  In  Iht  Riin|«  4  cm"'  -  i3 
cm->,  foumal  of  Almotphtric  and  Ttm$lrUil  Phytia  CiubmSIfd  for 
publlcullon), 

"V.  W.  Richard,  I,  E,  kammtnr,  andR,  G,  RtlU,  UO-CHi  Altcnua- 
Ihn  and  Optical  VUiblllly  MaoMurcmtnli  of  Fog,  Rain,  and  Srtoui, 

U,S.  Army  BallUHc  Rnaarch  Labornlorin  Mmorandum  Report, 
ARBRL-MR-2i00  (December  1977). 


MIQUINCV  IQHlI 


Figure  I-IS.  Broadband  Fourier  transform  measure¬ 
ments  of  fog  transmlMlon,  Vtsibilify  approximately 
50  m,  216-m  path.  Temp  »  2S3  K,  relative  humidity 
“9S  percent,  (Data  obtained  from  H,  A,  Cebbie,  pri¬ 
vate  communication,  1978), 


lie  joo  m 

FSlaUINCr  IQHlI 


Figure  1-16.  Broadband  Fourier  transform  measure¬ 
ments  through  an  evolving  fog,  (Data  obtained  from 
H.  A.  Gebbie,  private  communication,  May  1978). 


The  data  art  very  limited  for  charactcrizint 
NMMW  attenuation  cffecta  in  doudi.  The 
Sovlete'*‘‘*  have  reported  on  a  number  of  xcnith 
cloud  attenuation  meaeurcmcnls  uein$  atmoe- 
phcric  cmieeion  and  eolar  abeorpHon  technlquca. 
The  reeulta  of  meaaurcmenta  of  the  averase 
attenuation  valuta  at  7S  GHx  are  given  in  figure 
1-17  as  dote,  for  six  days  with  continuous 
cloudiness  from  April  to  June  1976.  The  crosses 
relate  to  molecular  zeniith  absorption  values 
calculated  for  a  cloudless  standard  atmosphere. 
The.  cloud  attenuation  it  therefore  taken  to  be  the 
difference  between  the  dot  and  cross  on  a  par¬ 
ticular  day.  On  11  and  12  May  1976,  in  the 
presence  of  high  stratus  and  undeveloped 
cumulus  clouds,  the  attenuation  at  75  GHz  it 
negligible.  On  10  May,  in  the  presence  of  low 
continuous  cloudiness  with  fractus  stratus  and 
cumulus  clouds,  the  attenuation  reached  4  dB. 
On  29  April  and  2  and  7  June,  in  the  presence  of 
stratus-cumulus  and  stratus  clouds,  the  attenua¬ 
tion  was  approximately  1.5  dB. 


A^Ml  MAY  JUKI 


Hgun  1-17.  Zsnlth  cloud  attsmiation  iiMasurciiwnIs  at 
75  GHa.  Dots  art  tht  mtaturad  total  tinlth  atmot- 
phtric  attitiuaHon  valiut  for  fix  dayi  with  contin¬ 
uous  cloudinMs  in  ,4pHf-/u)ie  1976,  The  crosses  repre¬ 
sent  the  calculated  contribution  from  a  cloudless  at¬ 
mosphere, 

"A,  V,  Sokolav,  E.  V.  Sukhonin,  end  I,  A.  hkhekou,  AtUnuetlcn  of 
Redio  tViitiM  nl  WinitlMgtlu  from  0,45  tn  4,0  mm  In  (fit  Enrtli't  At- 
motphert  Throufk  tht  Sumt  Palhi,  prtttnttd  tl  Iht  ticond  Initmo- 
Honal  Conftrtna  on  SUM  Wevtt,  San  /urn  (Otcembtr  tf76), 

"L.  i.  fidotttv,  SMM  Almoipheric  Rtttiirch  In  the  USSR,  prtttnitd 
tl  Iht  Third  InltmeHonal  Conftrtnct  on  SMM  IVeoit,  Guildford, 
Entltnd  fApHI  VnS), 


Correlation  of  the  tingle-cloud  type  of  at¬ 
tenuation  with  frequency  is  a  difficult  ta^.  In  the 
same  reports  referenced  above,'*’**  the  Soviets 
have  attempted  to  analyze  their  measurements  so 
as  to  provide  some  feeling  for  this  correlation. 
Table  1-1  lists  their  results  for  75,  235,  411,  and 
667  GHz. 

TAME  M.  MEASURED  ZENITH  A;mNUATION  T  (dB) 
INCLCXiDS"* 


CImmI  type 

FraquMwy  (GHx) 

7S 

294 

411 

«47 

Altocumulus 

0.16 

0.6 

1.9 

StrahM 

0.16 

*•*  , 

Cumulus 

1.2 

1.75 

10,1 

17.5 

Cumulus  conyMtus 

3 

8.7 

27 

51.0 

‘  SiikhMin,  Mi  Ukkakop,  Stcond  /nfBmuNoMl  Conftrtne*  i>n  SMM 

Wfm,  Stm  tuM  iDHmhir  X976^. 

/.  Mmmv,  SMM  Hatturth  fii  thi  USSk,  TklrS  IntirMHotml 

Conftrtntt  on  SMM  Wmm.  CHilifori.  ENfbiU  iAftrit  197$), 

The  reliability  of  such  data  is  difficult  to 
estimate  because  of  the  complexity  of  urdolding 
the  varying  meteorological  conditions  as  dis¬ 
cussed  earlier.  The  significant  thing  to  notice  is 
the  increasing  attenuation  with  frequency  and 
that  the  largest  attenuatioiu  for  NMMW  occur 
for  cumulus  clouds. 

A  number  of  theoretical  and  experimental 
efforts  have  gone  into  the  study  of  rain  attenua¬ 
tion  in  the  NMMW  portion  of  the  spectrum. 
Such  studies  are  extremely  important  since  rain 
may  very  likely  be  the  principal  limiting  factor  to 
obtaining  "all-weather"  NMMW  systems.  Unlike 
the  situation  at  lower  frequencies,  it  is  not  possi¬ 
ble  to  accurately  predict  the  attenuation  from 
knowledge  of  rain  rates  alone  because,  at 
NMMW  frequencies,  the  drop  size  distribution  is 
far  more  important  in  the  calculation."*  Perspec¬ 
tive  on  this  situation  may  be  gained  by  refening 
to  figure  1-18,  which  shows  expected  attenuation 
as  a  function  of  frequency  as  calculated  by 

"K.  L,  OIttn  and  D,  V.  Kottm,  Tht  Rtlallon  In  Iht  Ctleuletlon 
ofttmln  Allenutllon,  IEEE  Tnmitellon  on  Anltnnat  end  Propa$ellon, 
vol.  .AP-26,  no.  2  (Mamh  IVJt),  510-329. 
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UewcUyri'Jonef  and  Zavody,’'  They  performed 
compai^n  meaeurementa  at  110  and  890  GHa 
and  found  an  attenuation  ratio  of 

■— U  1.25  ±  0.01  . 

In  figure  I-18,“  only  the  Joh  dlitribution  (or 
drizzle  (very  email  dropt)  would  predict  an  at* 
tenuation  of  890  GHz  eignificantly  greater  than 
at  110  GHz.  Since  the  experiment  wae  performed 
in  iummcr  thundershoweri  of  about  5  to 
30  mm/hr,  it  it  unlikely  that  thia  dlatiibution 
predominated,  thua  indicating  the  importance  of 
meaaurement  of  actual  drop  aize  distribution  for 
comparison  of  experiment  and  theory. 


Figure  1-18.  Calculated  rain  attenuation  (or  varioue 
drop  ilia  dleUibutione  at  a  rainfall  rate  of  5  aun/hr. 
(a)  Laws  and  Parsons,  (b)  ]oss  thunderstorm,  (c)  ]oss 
widespread,  and  (d)  Joss  drizzle. 

Additional  attenuation  comparison  studies 
performed  at  36  and  110  GHz  by  Zavody  and 
Harden*’  again  clearly  indicate  the  sensitivity  to 
drop  size  distribution  as  well  as  drop  shape.  In 
both  the  above  experiments,  it  should  be  men¬ 
tioned  that  the  path  lengths  were  relatively  short 
(200  m),  thus,  it  is  hoped,  circumventing  any 
question  ao  to  uniformity  of  rain  rate  along  the 


“D,  T.  Lleuullyn-loiui  and  A.  M,  Zavody.  Kalnfsll  Alltnuatlon  et 
no  end  ew  GHt,  EltcIronicM  Ulttn,  vol,  7,  no.  12  (1V7V,  331-J22. 
“A.  M.  Zavody  and  B.  N.  Harden,  AUenuaHon/Kaln  Kale  Relallon- 
ehipi  al  36  and  210  GHt,  Eltcironkt  Lellen,  vol.  12  (1976),  422-04, 


path.  Ho,  Mavrokoukoulakis,  and  Cole,”  on  the 
other  hand,  have  recently  made  36-  and  110-GHz 
comparison  measurements  along  a  4-km  path 
with  rain  rate  measured  near  the  receiver  end. 
They  find  that  the  measured  ratio  for  attenua- 
tioiu  at  these  tWo  frequeitcies  is  consistent  with 
calculations  based  on  the  Laws-Harsons  distribu¬ 
tion.  This  is  particularly  true  for  attenuatioiu  ex¬ 
ceeding  about  3  dB/km  at  110  GHz  and  1.5 
dB/km  at  J6  GHz.  In  this  range, 

a  2.5  i*) 

In  a  recent  report  from  the  Netherlands, 
Keizer,  Sneider,  and  de  Haan”  have  made  de¬ 
tailed  studies  (vertical  polarization)  of  rain  at¬ 
tenuation  at  94  GHz  on  a  lOOO-m  terrestrial  path, 
Simultaneously,  the  rain  drop  size  distribution 
was  measured  with  a  distrometer,  and  the  rain¬ 
fall  intensity  was  recorded  with  three  rapid- 
response  rain  gauges  spaced  500  m  apart,  Using 
the  actually  measured  rain  drop  size  distribution 
and  assuming  spherical  raindrops,  the  attenua¬ 
tion  caused  by  the  rain  was  calculated  with  the 
aid  of  Mle's  scattering  theory  (or  water  spheres. 
Figure  1-19  shows  the  measured  and  calculated 
attenuations  along  with  predictions  based  upon 
various  drop  sire  distributions.  Figure  1-20  ex¬ 
presses,  in  detail,  the  agreement  between  the 
measured  attenuation  and  that  calculated  from 
the  actually  measured  drop  size  distribution.  It 
can  be  seen  that  the  agreement  between  the 
theory  and  experiment  is  very  satisfactory. 

In  a  closely  related  Canadian  study  at  74 
GHz,  Kharadly,  McNichol,  and  Peters”  also 
demonstrate  the  importance  of  proper  rain 
characterization.  They  conclude  that  without 
measured  drop  size  distributions  and  rapid,  path- 
average  rain  rates,  it  is  not  possible  to  make  con¬ 
sistently  accurate  studies  of  rain  effects.  This  is 

"K,  L  Ho,  N,  D.  Mavrokoukoulakli,  and  K,  S.  Cole,  Kain  Induced 
Allenuation  al  36  GHz  and  110  GHz,  IEEE  Tmnsaclloiu  an  Anlennat 
and  Protfafallon,  vol,  Ap-26  (Novemher  1976),  673-675, 

“W.  P.  M,  N.  Keizer,  /,  Snieder,  and  C,  D,  de  Haan,  Kaln  Alltnua- 
Hon  Meaturemenli  al  W  Ghti  Comyariion  of  Theory  and  Ex/tari- 
menl,  NATO  ACAKD  Proceedingi  No.  245  ffttmary 

1979). 

“M.  M.  Kharadly,  ].  D.  McNichol,  and  ],  B,  Pelen,  MeaeuremenI  of 
Allenualton  Due  lo  Kaln  at  74  GHz,  NA  TO  ACAKD  Conference  Pro- 
ceedlngt  No,  245  (February  TSTy), 
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pvticuUrly  evident  from  figure  1-21  where  their 
•ttenuatiun  meaturemenlt  during  the  time  inter¬ 
val  Ti  are  teen  to  dip  to  significantly  lower  val¬ 
ues  than  during  the  interval  Tj,  the  correspon¬ 
ding  peak  rain  rates  being  comparable.  The  ver¬ 
tical  component  of  wind  velocity  measured  at  the 
transmitter/receiver  site,  during  Ti,  was  general¬ 
ly  upward  with  peak  values  up  to  2  m/s;  during 
Tt,  it  was  generally  downward  with  peak  values 
of  1  m/s.  This  affects  the  irutantaneous  concen¬ 
tration  of  smaller  drops  in  the  signal  path  and 
thus  the  attenuation. 


RAINFALl  MAll  ImmiHSI 


Figurs  1-19.  Muiurtd  (A)  and  calculated  (4-)  94-GHit 
attenuation  vemw  rainfall  rate.  Caleulattd  valu$t 
drnW  from  mtMurtd  rain  drop  size  distribution. 
Path  length,  1  km. 


MINFAU  SAT((mni<Hnl 


Ftgura  1-20.  Diffesance  between  measured  and  cal- 
culaied  rain  attenuation  at  94  GHz. 


TIUi  IHDUAtl 

Figure  1-21.  Relative  yA-GHz  transmitted  signal  level 
and  path-average  rain  rate  votsus  tlma.  Path  length, 
1  km. 

Richard  et  al”  have  measured  rain  attenua¬ 
tion  at  140  GHz  together  with  rainfall  rate  and 
optical  visibility.  Interestingly,  even  over  their 
relatively  short  path  length  (700  m),  the  three 
distributed  rain  gauges  often  showed  differences 
of  up  to  four  to  one.  Their  attenuation 
measurements  were  performed  when  ail  three 
gauges  gave  close  agreement,  thus  somewhat 
assuring  a  uniform  rain  rate.  Figure  1-22  shows 
their  measurements  correlated  with  rate.  The 
scatter  observed  is  roughly  consistent  with 
values  spanning  the  various  types  of  distribu¬ 
tions,  as  shown  in  figure  1-19.  Figure  1-23  shows 
the  correlation  of  the  140-GHz  attenuation  and 
rain  visibility  measurements.  The  large  scatter  of 
the  data  indicates  a  weak  relationship.  As 
discussed  earlier,  this  stems  from  the  fact  that  the 

"V.  W.  Richard.  }.  E.  JCammtrtr,  aniR.  C.  Kdli,  tSO-GHt  Alltnua- 
tfon  and  Opilcnl  Visibility  Msasurtmenis  of  fog.  fiain,  and  Snow. 
U.S.  Amy  Salllsllc  Raiaarch  Laboratoriss  Matnorendum  Rtport, 
ARBRK-m-mO  (Dscambtr  1977). 


140-GHz  attenuation  itrongly  depends  on  the 
total  water,  whereas  the  optical  visibility  is  ntore 
affected  by  the  small  droplets. 


Fl|u.re  I>33.  Musursd  attmuatlon  at  14(X:Hz  versus 
rainfall  rate. 


VIIIWIITV  (hml 

fl|ui«  1-23.  Measured  attenuation  at  140  GHii  versus 
vistbllity. 


Sn  far,  the  discussion  of  rain  effects  has 
centered  on  near-horizontal  propagation  paths. 
Except  for  some  v;idely  varying  measurements  at 
75  GHz  reported  by  Sokolov  et  al,“  no  zenith  or 
slant  path  rain  measurements  have  been  found. 
Such  measurements  are  obviously  necessary  to 
assess  the  "all-weather"  penetration  capabilities. 
<!n  such  an  evaluation,  attention  must  also  be 
given  to  the  often  neglected  fact  that  cloud  at¬ 
tenuation  will  also  be  present  with  that  of  the 
rain.) 

Richard  and  Kammerer  of  BRl.  have  per-, 
formed’*  rain  backscatter  amplitude  and  fluctua¬ 
tion  measurements  simultaneously  at  10,  35,  70, 
and  95  GHz  with  pulse  radars  for  both  linear  and 
circular  polarization.  This  rather  comprehensive 
report  discusses,  among  other  things,  a  par¬ 
ticularly  significant  experimental  verification  of 
the  expected  decrease  in  rain  backscatter  above 
70  GHz.  The  experiment  verifies  the  long¬ 
standing  theoretically  predicted  capability  of 
radar  to  "see"  a  target  of  given  size  above  rain 
clutter  better  at  95  GHz  than  at  70  or  35  GHz 
when  the  same  antenna  size  is  used.  No  further 
baclcKatter  measurements  were  found  for  fre¬ 
quencies  higher  in  the  NMh4W  band. 

Finally,  in  the  discussion  of  hydromeieot 
effects  on  NMMW  propagation,  it  is  important 
that  some  attention  be  given  to  the  condensation 
and  precipitation  effects  on  antennas.  No 
published  data  have  been  found  for  condensation 
effects,  which  one  would  expect  to  become  in¬ 
creasingly  serious  with  increasing  fr  equency .  The 
BRL  140-GHz  tests”  have  shown,  however,  that 
rain  falling  on  the  lucite  window  in  front  of  the 


'M.  V.  Sotofou.  £,  V.  Sukhonin,  and  I,  A.  hkhakw.  /Setnuatfun  of 
hadlo  (VaUM  at  WuvflatijOu  from  0.45  lo  4.0  mm  'n  the  Earth's  At- 
moephere  through  the  Sknt  fialhi,  preeenled  at  the  Second  Inlemn 
tional  Conference  on  SMM  Wav»f,  Sen  fuun  (December  1970). 

“V.  W,  KIchard  and  /,  £.  Kamm»r»f,  Haiti  Backecatler  Meaiuremenle 
and  Theors/  at  MilUmeler  Wavelengthe.  U.S.  Army  Balllellc  Heiearch 
Lakoralortes  Report  No,  lUI  (October  1975), 
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rectiving  antenna  can  cause  large  and  variable 
attenuation.  Measured  attenuation  of  this  wetted 
window  versus  rainfall  rate  is  shown  in  figure 
1-24. 


Figure  1-34.  Attenuation  effects  due  to  rainfall  on  a 
ludia  wiiulow  in  front  of  receiving  antenna  used  In 
140-CHa  measurements  of  figure  1-22. 

Keizer  et  al'^  realized  from  the  beginning  of 
their  94-GHz  experiment  that  rain  on  the  antenna 
or  its  cover  represented  a  serious  problem. 
Therefore,  tunnel  housings  were  used  to  shield 
their  antennas.  However,  in  order  to  see  to  what 
extent  water  on  antennas  and  radomes  can 
degrade  the  accuracy  of  measurements,  a  series 
of  artificial  wetting  tests  were  carried  out  on  one 
of  the  1.2-m  Cassegrain  antennas.  Table  1-2  sum¬ 
marizes  these  measurements. 


TABLE  1-2.  WETTING  TESTS  ON  l.^ln  CASSEGRAIN 
ANTENNA  AT  94  GHx 


Condition 

Decrease  In  antentw  |aln 

<dEI> 

V  ’holc  snltnns  wet 

3.0  to  9.8 

Only  radome  on  ieed  horn  wet 

1.8  to  3.8 

Only  lubrellector  wet 

1.1  to  2.1 

Only  main  reflector  wet 

0.3  to  0.9 

Only  Teflon  sheet  In  front  of 

0.6  to  1.0 

antenna  wet  j 

"V  IV.  Rlcluni,  I  E.  Kammfwt'.  tmiK.  G.  Rflti,  HO-GHt  Allmua- 
lion  anil  OpHcol  Vaifelllly  MMiuramanti  of  I'of,  Rain,  and  Snoui. 
U.S.  Army  BallUlle  Riuarch  Laboratorln  Mtmoranduni  Rtport. 
ARBRL-m-lSOO  (Dactmliar  1«77;. 

“W.  P.  M.  N.  Kfliar,  /.  SiiMar,  and  C.  D,  di  Haan,  Rain  Allrnua- 
llon  Maaaurtmanli  al  94  GHti  Comfiariion  of  Tliaury  aniJ  Exfitri- 
manl,  NATO  AGARD  Confartnet  Procatdingi  No.  24i  (Ftbmaiy 
1979). 


Clearly,  water  on  reflector  antennas  and 
radomes  can  cause  considerable  losses.  A  wet 
Teflon  radome  is  seen  to  introduce  much  less 
degradation  than  complete  wetting  of  the  anten¬ 
na  and,  therefore,  radomes  can  be  a  useful  solu¬ 
tion  for  long  propagation  links  where  high  rain 
attenuations  will  be  encountered.  However,  for 
short  links,  even  the  use  of  a  radome  may  leave 
the  losses  unacceptably  high,  thus  requiring  com¬ 
plete  shielding  of  the  antenna. 

Richard  et  al‘'  have  performed  140-GHz  at¬ 
tenuation  measurements  in  wet  snows  and  com¬ 
pared  these  with  other  frequency  measurements 
as  shown  in  figure  1-2S  frate  equivalent  of 
1  mm.^hr  liquid).  Shown  also  on  this  figure  are 
1  mm/hr  rain  attenuation  estimates  obtained  by 
averaging  a  number  of  calculations  by  different 
authors.'*  Snow  attenuation  is  between  2.5  and  5 
times  greater  than  rain  attenuation  for  all  the  fre¬ 
quencies  measured,  In  general,  this  is  due  to  the 
large,  more  irregular  shapes  of  the  snow 
precipitation  and  the  fact  that  higher  concentra¬ 
tions  exist  for  the  snow  due  to  the  low  fall 
velocities.  The  attenur  Hon  of  snow  very  strongly 
depends  on  the  moisture  state  of  the  snowflakes. 
Lammers"  reports  that  the  measured  attenuation 
of  very  dry  snow  at  53  GHz  is  only  one-sixth  the 
attenuation  of  rain.  It  can  be  expected  that  when 
it  is  very  cold  and  the  snow  is  dry,  the  attenua¬ 
tion  will  be  very  low,  less  than  an  equivalent  rain 
attenuation. 

Hail  is  encountered  much  less  frequently 
than  rain  or  snow  and  its  duration  is  relatively 
short.  Aganbekyan  et  al**  have  reported  single 
scatteriirg  calculations  for  hails  of  varying 

“V.  W,  Rkhardand  f.  E.  Kammtrtr,  Rain  Bacht.mtr  Mtaturtmtnit 
and  Thtory  al  Mllllmtlrr  tVavtItngllu  U.S.  Amiy  Ballltllc  Riuarch 
Cabonalorit3  Raport  No.  1838  fOclolar  1971), 

"U.  Lammort,  Invaallgallont  of  thf  Bfftcit  of  Prtcipllallon  on  MM- 
Walla  Propagalhn.  Docloral-Bnginatrinf  Dlturtallon,  Ttchnik 
Unhianllal  Ikrlln,  D  83  fl9e!),  Trantlailon  hy  t/.S.  /limy  H,TC- 
Hr-Z3-Oi98-75,  Drftnu  Initlligtnct  Aganep  Task  No.  T74IS01 
(1971). 

"K.  A.  Aganhekyau.  V.  P.  Blcyapn,  A  Yu,  Zr«»liau.'-ki'.  A.  O. 
Uyamov.  A.  V.  Sokolov,  and  E.  V.  Sukhonfn.  Tha  Propagation  of 
Suhmilllmalar,  Infrarad,  andVIsIMa  Waom  In  ihaEarlhs  Atmospitara, 
Rasprosirananlya  Rodlouoln,  .'niilliil  Radloiackknlkl  I  ElarlroM, 
puhllsknl  by  Naula  (}07J),  IS7-22?. 
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diameter*  and  inteniitle*,  taking  the  complex  in¬ 
dex  of  refraction  of  ice  to  be  m  1.78  -  0.00241. 
An  example  of  thera  calculations  it  given  in  table 
1*3. 


HMAMHeV  «Mtl 

Figure  I-2S.  MeaMind  snow  allenuaUoni  as  a  function 
of  frequency.  Snowfall  rate  of  1  mm  (Uiiuld)/hr. 
(1)  Robinson  (1955),  (2)  Lammers  (1967),  (3)  BRL, 
(4)  Babkin  et  al  (1970),  and  (5)  Sokolov  (1970).  Com¬ 
parison  curve  shown  for  equivalent  rainfall. 

TABU  W.  ATTENUATION  IN  HAIL  WITH  INTENSITY 
OF  HAIL  I  *  10  mai/hr  (eqtitvaknt  water! 


from  A^nbakyiin  tt  $1,  tfuHtut  fimtioUkknlkl  i  by 

NtttkM  amy 


Hail  particle  diaimter 
(aim) 

AHmuetton  (dB/km) 

A  ~  1.0  mm 

0.1  mm 

2.5 

2.7 

2.0 

S.O 

0.9 

O.B 

10.0 

0.4 

0.4 

No  experimental  data  have  been  found  in  the 
literature,  and  therefore  relatively  little  can 
definitively  be  Mid  about  hail.  Obviously,  hail 
attenuation  will  not  depend  strongly  on 
wavelength,  since  the  sizw  of  hailstones  often 
significantly  exceed  A  in  the  near-millimcter 
region. 


M.  TURBULENCE  EFFECTS 

The  effects  of  atmospheric  turbulence  on 
NMMW  propagation  have  only  recently  begun 
to  receive  attention.  Frequently,  one  finds  that 
such  effects  hnve  been  minimiz^  because  of  sim¬ 
ple  extrapolation  from  optical  studies.  Such  sim¬ 
ple  extensions  of  very  complex  theoretical  results 
which  are  based  on  numerous  assumptions  are  of 
questionable  validity  and  are  therefore  worthy  of 
more  detailed  analysis  and  experiment. 

Articles  by  Fante,”  Davis,”  Lawrence,’* 
and  Yura”  provide  very  nice  reviews  of  the 
physical  basis  for  various  effects  of  atmospheric 
turbulence.  The  effects  ran  Include  beam  steer¬ 
ing,  image  dancing,  beam  spreading,  image  blur¬ 
ring,  intensity  fluctuations,  and  phase  fluctua¬ 
tions.  Basically,  the  effects  of  turbulence  on 
propagation  are  determined  by  the  refractive  in¬ 
index  fluctuations  along  the  atmospheric  path. 
These  fluctuations  are,  in  general,  functions  of 
the  position,  t,  and  time,  t,  to  that  the  index  of 
refraction,  n,  can  be  written  as 


n(F,t)  -  1  +  n,  (#,  t, ,  (7) 

where  ni  is  the  fluctuation  in  the  index  of  refrac¬ 
tion.  It  is  possible  to  assume  that  the  temporal 
dependence  of  ni  is  due  mainly  to  a  net  transport 
of  the  inhomogeneities  of  the  medium  as  a  whole 
past  the  line  of  sight  (winds)  so  that 

n,(ht)  “  n,(f  -v(f)t)  ,  (8) 


**K.  L  Fantf,  Ekctromagnttic  Btam  Frofmgation  /n  0  Turhultnt 
Mfdk,  Proc.  IEEE,  vol.  63,  no.  IZ  {1975),  1669-1692. 

**/.  /.  Davis,  Consideration  cf  Atmospheric  Turbulence  in  Laser 
Systems  Design,  Applied  Optics,  vol.  5.  no.  1  (fanuaty  1966),  139-147. 

S.  Lawrence,  A  of  the  Optical  Effects  of  Clear  Turbulent 

Atmosphere,  SPIE,  vol.  75  (1976),  2-8. 

T.  Yura,  An  Elementary  Doiivation  of  Phase  Fluctuations  of  an 
Optical  Wave  in  the  Atmosphere,  SPIE,  vol.  75  (1976),  9-15. 


where  v(f)  is  the  local  "wind"  velocity.  This 
assumption,  known  as  the  Taylor's  frozen-flow 
hypothesis,**  appears  to  hold  in  most  practical 
cases  of  interest.  Assuming  homogeneous  and 
isotropic  conditions,  the  Kolmogorov  model** 
has  bMn  used  to  describe  the  index  variations. 
Within  a  particular  range  of  separation,  ti  and  ri, 
the  model  yields 

<l(t.)  -  nrr.)l'>  -  C|,tr.  -  t.l*'*  <9) 

where  the  brackets  denote  an  ensemble  average 
and  C„  is  called  the  ind«(  structure  constant.  The 
separation  range  for  validity  of  this  model  (often 
referred  to  as  the  inertial  subrange)  is 
Iq  «  Iti  —  ra|  «  Lq,  where  Lq  and  Iq  are  called 
the  outer  and  inner  scales  of  turbulence,  respec¬ 
tively.  Lg  and  Ig  may  be  thought  of  as  the  ap¬ 
proximate  maximum  and  minimum  of  the  eddy 
sizes.  In  the  atmosphere,  Ig  ranges  from  a 
millimeter  to  a  centimeter  and  Lg  for  horizontal 
propagation  in  the  lower  atmosphere  is  about 
one-third  the  height  above  the  ground.  For 
separations  larger  than  Lg,  the  mean  square  in¬ 
dex  fluctuation  levels  off  to  a  value  of  the  order 
C^L^*  whereas,  for  separation  less  than  ig, 
viscosity  effects  cause  a  very  rapid  decrease  in  in¬ 
dex  fluctuations.  Given  this  basic  model,  one  can 
go  on  to  quantify  the  various  effects  mentioned 
above. 

Some  of  the  important  aspects  of  such 
calculations  for  NMM  wavelengths  are  best 
discussed  first  in  terms  of  intensity  fluctuations. 
A  theoretical  description**  requires  consideration 
of  the  problem  in  two  separate  domains  depend¬ 
ent  upon  the  size  of  the  outer  scale  of  the  tur¬ 
bulence  compared  to  the  first  Fresnel  zone  along 
the  propagation  path  of  length  R.  These  two 
cases  are  when  Lg  <  s/HR  or  Lg  >\/IR.  Most 
rough  assessments  of  turbulence  effects  in  NMM 
waves  are  based  on  Tatarski's  calculations,  valid 
for  the  case  Lg  >  If?  however,  one  has  a 
propagation  range,  say  of  2  km  with  A  ••  1  mm, 
s/TR  *  1.4  m.  With  a  vehicle-mounted  antenna 

"R,  L.  faMt,  Eluctramattullc  Btam  Propngallon  In  a  TurbulanI 
Madia,  Proc,  IEEE,  vol.  63,  no.  11  (W5I,  1669-1692. 

T.  Yum,  An  Elamanlary  Darivallan  of  Phaaa  Fluctuallona  of  an 
Optical  lV«u«  In  lha  Almoaphana,  SPIE,  vol.  73  (1976),  9-1.'. 


at  a  height,  h,  of  2  m,  one  expects**  Lg  to  be  of 
the  order  of  h/3  or  0.7  m,  and  thus  in  the  domain 
where  Lg  <  \/TR.  In  addition,  except  for  some 
aperture  averaging  estimates,**  most  simple 
calculations  (plane  waves)  have  Ignored  the  fact 
that  the  transmitting  and  receiving  apertures 
contemplated  for  use  in  tactical  NMM  systems 
have  diameters  of  the  order  of  0.5  to  1  m,  Thus, 
antenna  near-field  effects  may  be  important  at 
wavelengths  of  1  mm. 

No  simple  quantitative  models  of 
amplitude  fluctuations  have  been  found  for 
either  the  case  of  Lg  <  or  for  antenna  near¬ 
field  operations.  However,  the  Tatarski  calcula¬ 
tions,  for  a  plane  wave  with  Lg  >  \/7R  shows  the 
variance  of  the  log-intensity  fluctuations,  o*,  to 
be 

-  23.39  C},  <dB'>  (10) 

where  k  "  2n/A.  Worst-case  estimates*'  for 
are  usually  made  on  the  basis  of  optical 
measurements  wherein  CJi  *  6  X  10"‘*  m”*''*  for 
strong  turbulence.  For  this  situation,  equation 
(10)  predicts  minimal  intensity  variations  for  the 
wavelengths  and  ranges  of  interest  for  tactical 
operations  wherein  lg  >  \/TfC.  With,  for  exam¬ 
ple,  A  -  1  mm  and  a  range  of  2  km,  o*  «  0.4 
(dB*).  Under  similar  limitations,  it  is  also  found** 
that  calculated  phase  fluctuation  effects  across 
'.ne  receiver  aperture  are  negligible  for  antennas 
of  reasonable  size  for  tactical  applications. 

In  utilizing  optical  constants  for  obtaining 
estimates  of  near-millimeter  wave  turbulence  ef¬ 
fects,  one  must  realize  that  optical  turbulence  is 

“J.  I.  Daola,  ConalJaratlon  of  Almoapharlc  Turbulanca  In  ljuar 
Syatama  Daitgn,  Appllad  Optica,  vol,  S,  no,  1  (lanuary  1966),  139-147. 
”V.  I.  TalarakI,  Want  Propagation  In  a  TurSubnl  Medium 
(Tranalalad  from  tha  Ruaalan  by  K.  A.  Sllvarman),  McGraw-Hill  Book 
Co„  Inc.,  Nrw  York  (1961). 

”R.  S,  Lawranca  and  f.  W,  Strohbahn,  A  Survey  of  Claar-AIr  Prop 
agatlon  Effvcia  Ralavant  to  Optical  Cominunicatlona,  Procaadinga  of 
IEEE,  uol.  5S.  no.  10  (October  1970),  1523-1345. 

“F.  f.  Hall,  Ir.,  Index  of  Refraction  Structure  Parameter  In  lha  Real 
Atmoephara—An  Overview,  OSA  Topical  Meeting  on  Prapagallon 
Through  Turbulence,  Rain  and  Fog,  Paper  TuCI  (9  to  11  Auguat  1977), 
**/.  I-  Gallagher  el  al.  Application  of  Suhmillimeltr  Wou*  Cisowall 
Sourc»,  Georgia  Inalilute  of  Technology,  Final  Report  CT/ESS,  Pro- 
feel  No.  A-1717  (1973). 
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principally  dependent  upon  atmospheric 
temperature  fluctuations  and  that  varying  water 
vapor  effects  are  negligible.  For  near-milllmeter 
wavelengths,  however,  water  vapor  contribu¬ 
tions  to  the  index  of  refraction  b«ome  impor¬ 
tant.  Brown”  has  shown,  figure  1-26,  that  for 
microwaves  GHz),  statistical  variations  in 
water  vapor  below  8  km  can  produce  values  of 
CJ)  that  are  more  than  two  orders  of  magnitude 
larger  than  for  the  corresponding  optical  case 
(CIiq).  Thus,  estimates,  for  example,  ofo^  based 
on  optical  coiutants  may  be  in  serious  error. 
Armand  et  aP*  have  looked  at  fluctuation  effects 
near  the  920-Hm  water  line  and  found  that,  on 
the  absorption  center,  the  amplitude  fluctuations 
(dB)  were  approximately  fives  times  lower  than 
in  the  980-pm  window.  KanevskiP*  however,  has 
done  theoretical  analyses  which  indicate  that 
under  certain  conditions,  dependent  upon  the 
range  and  cuter  scale  turbulence  condition,  op¬ 
posite  and  more  intense  effects  are  possible. 

From  the  brief  discussion  thus  far  it  should 
be  clear  that  an  understanding  of  the  effects  of 
turbulence  on  NMMW  propagation  will  require 
considerable  theoretical  and  experimental  effort. 
Aside  from  the  Soviet  work  discussed  above,  it  is 
only  recently  that  other  workers  have  begun  the 
experiments  so  necessary  in  this  area.  Ho,  Cole, 
and  Mavrokoukoulakis  have  recently  published 


*' W.  D,  Brown,  A  MotUI  for  Ih*  Rtfractiv  Indtx  Siruciurt  Coiutant 
atMIcrowav*  frtiiuntcitt,  Satidia  Laboralorita  Xtport  SAND  76-0593 
(ftbruary  1977), 

"N.  A,  Armand,  A.  0.  Iiyumov,  and  A,  V,  Sokolov,  flucluollon*  of 
SubmtlUmtUr  Whom  In  a  TurbulanI  Atmoaphart,  Radio  Englnaarlng 
and  EUclronlc  Phyiiei,  vol.  14,  no.  10  (1971),  1259-1266. 

"M,  D.  Kanavakll,  Tht  Problam  of  Iha  Influanct  of  /MuorpHon  on 
AmpUtudg  ftucliMlIoHi  of  Sut>nilllim«l<r  Radio  Wavaa  In  Iha  At- 
moaphara,  hvaatiiia  VvMhlkk  UckikHvkk  Zav.  RoWlo/ltlkii,  vol.  IS, 
no.  12  (Dacainhar  WD,  1939-1940. 


a  series  of  papers^^^  discussing  their  work  on 
amplitude  fluctuations  at  36  and  110  GHz  along 
a  terrestrial  path.  They  have  compared  the  two 
regions  Lg  >  </IR  and  Lg  <  \/JR  and  the  ap¬ 
plicability  of  Tatarski's  theoretical  predictions  to 
millimeter  wavelengths. 


The  comparison  study  was  conducted  over 
a  4-km  path  using  0.5-m  antennas  approximately 
so  m  above  ground.  Figures  1-27  and  1-28  sum¬ 
marize  their  results  for  Lg  >  \/TR  and  Lg  <  VHT, 
respectively.  One-dimensional  temperature  spec¬ 
tra,  measured  by  a  fast  response 'senspr,  were 
taken  for  two  purposes.  First,  to  obtain  an 
estimate  of  the  outer  scale  of  turbulence  and  se¬ 
cond,  to  ascertain  whether  or  not  the 
Kolmogorov  2/3  spatial  power  law  model 
discussed  earlier  was  valid,  It  should  be  recalled 
that  the  temperature  fluctuations  of  the  sensor 
are  caused  by  wind  flow  of  the  turbulence  eddy 
packets.  For  a  given  wind  speed,  the  temperature 
spectrum^*  gives  a  good  estimate  of  the  refractive 


*K,  L  Ho,  N.  D,  Mavrokoukoulakla,  and  R,  S,  Cola,  iVavtlantlh 
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411-4411. 
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Mllllmatar  WBV»/*ngthf,  IEEE  Tranaaellona  on  Antannaa  and  Pr.o- 
pagatlan,  vol.  AP-26  (Saptambar  1976),  7I2-?t5. 
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tlvltj/  Maaauramania  and  Ampllluda  Scinllllallon  Maaauramenta  al  36 
GHz,  foumal  of  Almoapharic  and  Tarraalrial  Phyalea,  vol.  40  11978). 
745-747. 

*‘N.  D.  Mavrokoukoulakla,  K.  L.  Ho,  and  R,  S.  Cola,  Temporal 
Spectra  of  Almoapharic  Ampllluda  Scinllllallona  al  110  GHz  and  36 
GHz,  IEEE  Tranaaellona  on  Antannaa  and  Propagation,  vol,  AP-26 
(Novambar  1976),  675-677, 

*'D.  T.  Gfaaalng,  A,  C,  K/ehua,  and  E,  Collon,  Small  Scale  Al- 
moapharle  SIruetura  Deduced  from  Maaauramania  of  Tamparalura, 
Humidity,  and  Rafracllva  Indax,  Soundarv-/.iivcr  Malarol.  (1972), 
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index  ipectruin  and  size  of  the  outer  teals. 
Figures  I-27(a)  and  I-2S(a)  show  the  results  of  the 
measurements.  Given  a  measured  wind  speed 
and  frequency  of  the  slope  change  in  the  spectra, 
one  derives  tlw  outer  scale  of  the  turbulence.  It  it 
interesting  that  even  at  the  50-m  height  of  the 
measurement,  was  found  on  occasion  to 
average  at  low  as  2  m.  The  measured  -5/3  fre¬ 
quency  dependence  of  the  fluctuatiotu  is  consis¬ 
tent  with  what  is  predicted  by  Tatarski**  on  the 
basis  of  the  Kolmogorov  spatial  model. 


AITITUOC  (kml 

Figure  1-24.  Theoretical  ratio  of  refractive  index  itruc- 
ture  conetants  at  radar  (MO  GHz)  and  optical  fre¬ 
quencies  vereut  altitude  with  lea-lcvcl  water  vapor 
preaeure  as  a  paraaNtcr. 

Figures  I-27(b)  and  I-2S(b)  show  a  com¬ 
parison  of  the  measured  variances  of  log- 
amplitude  fluctuations  at  36  and  110  GHz  as  a 
function  of  time.  It  is  clear  that  fluctuations  at 
the  different  frequencies  were  very  well  cor¬ 
related.  Assume  for  the  moment  that,  on  the 

"V.  /,  TalanM,  Profiagiitloii  In  a  Turbultnl  MtJIum 

ITmntUltd  from  liu  Rimkin  kyR.A.  Sllvtnmm),  McCmw-HIII  Book 
Co.,  Inc.,  Ntw  York  (mV. 


average,  figure  l-28(b)  indicates  o}t«  3  X 
10'*  dB*.  This  implies  intensity  fluctuatiorui  of 
the  order  of  0,2  dB.  In  recent  battlefield,  near¬ 
ground  propagation  studies,  Snider  et  al**  have 
observed  si^ificantly  greater  power  fluctuatiotu 
of  the  order  of  ±2  dB  and  attributed  these  to 
clear  air  turbulence.*  It  may  be,  however,  that 
the  wide  antenna  beamwidths  in  these 
measurements  result  in  the  inclusion  of  some 
multipath  effects. 

Figures  l-27(c)  and  l'26(c)  plot  the 
measured  110-  and  SO-GHz  fluctuation  ratios. 
The  mean  value  for  L©  >  S/TR  is  approximately 
3.S3,  whereas  for  Lg  <  \/Tr  the  mean  is  9.81.  As 
discussed  earlier,  the  theory  for  the  fluctuations 
in  the  Lq  >  vHiR  domain  should  vary  as  This 
is  consistent  with  the  measured  ratio.  For  Lg 
<\/1r,  Tatarski  predicte  a  k  dependence  which  is 
quadratic.  Again  this  is  consistent  with  figure 
l-28(c). 

For  Lg  >  the  closed  form  expression 
for  the  fluctuations  as  discussed  earlier  allows 
one  to  calculate  from  the  measured  data.  Ho 
et  al*’  performed  simultaneous  millimeter  wave 
fluctuation  measurements  and  X-band  refractlvi- 
ty  measurements  of  Cn.  These  two  techniques 
yielded— over  a  one-hour  period— respective 
average  values  of  Cn  of  0.25  X  10''*  m’*'*  and 
0.32  X  10''*  m'*'*,  Thus,  it  appears  that  when  Lg 
>  VTR,  millimeter  fluctuation  measurements  can 
provide  a  rather  good  measurement  of  Cg. 

The  question  of  the  spectral  content  of  the 
amplitude  fluctuations  is  Important  since  the 
fluctuations  generally  might  be  expected  to  occur 
in  the  low  audio  range  and  thus  could  con¬ 
ceivably  intefere  with  such  things  as  ser¬ 
vomechanism  tracking  loops  which  "rate  in 
the  audio  region.  Mavrokoukoulakis  have 

"JC.  l.  Ho,  N,  D.  Mm>rokoukoultkl§,  ondR.  S.  Colt,  DtlirmlMlon 
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GHi,  Journal  of  Atmotphirlc  and  Temrtrlal  Phytici,  uel,  40  (197S), 
745-747. 
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140-CHt  Si/tlinu,  MIRADCOM  Workihop  on  Mllllmalir  and  5ub- 
mllllmiltr  Almotphtric  PrepataHon  Applicable  la  Radar  and  Mlullt 
Syilemt  (March  1979). 
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FI|un  I«27.  ChwBCttriiUct  of  atmocphicriG  hirbubnM  and  tti  on  •nripliludi  fluctiutlom  of  36-  and 

IKKoHi  dsnak,  Lq  >  v^QT.  (a)  Maatund  tamparatura  spactral  dantity,  (b)  varknca  of  log-amplltuda  fluctua- 
tlona,  (c)  ratio  of  tha  veriancaa  of  log-ampHtuda  /luctunUons  lu  a  /unction  of  the  36-GHx  varianca  and  tha 
rafracHva  indax  structura  constant. 


Fitim  1-38.  CharacteritHci  ol  atmiNphcrlc  hirbuknc*  and  lit  tfftcbi  on  ampUtuda  fluctuation*  of  38-  and 
lignala,  Lg  <  VlUf.  (it)  Mtatunti  tmptmlure  spectral  density,  (b)  variance  of  log-atnpHtude  fluctua¬ 
tions,  and  (c)  ratio  of  the  variances  of  log-ampUtuds  fluctuations  as  a  ftmction  of  the  36-GHx  variance. 


found  spectral  dependencies  at  36  and  110  GHi, 
as  shown  in  figure  1-29.^  The  -8/3  power  law 
roII-off  is  consistent  with  Tatarski's  theory,  as 
discussed  by  Ishimaru^’  and  Fante,*' 
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Figure  1-29.  Frequency  spectra  of  the  amplitude  fluctu- 
atiom  at  110  and  36  GHz. 

M.  ANTENNA  EFFECTS 

A  word  is  appropriate  as  to  the  perform¬ 
ance  of  accurate,  absolute  propagation 
measurements.  Such  measurements,  of  course. 


are  very '  difficult  and  thus  one  very  frequently 
finds  that  data  presented  and  discussed  in  an  ab¬ 
solute  fashion  are,  in  reality,  quite  dependent  on 
a  host  of  experimental  conditions,  In  this  regard, 
there  particularly  appears  to  be  little  concern 
given  to  the  area  of  antenna  effects— pattern 
shapes,  near-field  phenomena,  etc.  For  example, 
at  wavelengths  of  about  1  mm  and  antenna  aper¬ 
tures  of  0.5  m,  the  neai^field  region  extends  out 
to  approximately  R  20^/1  500  m.  McGee 

at  BRL  (1978  data,  private  communication)  has 
noticed  that  the  fluctuation  amplitudes  observed 
in  his  measurements  near  100  GHz  seem  to  be 
dependent  on  near-field  phenomena.  There  have 
been  some  recent  theoretical  efforts  by  Haworth 
et  al“  and  vW.  Welsbeck^*  to  study  such  effects. 
However,  no  conclusive  results  have  yet  been 
reached,  except  that  it  is  clear  that  some  atten¬ 
tion  must  be  given  to  antenna  effects. 
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a-1.  INTRODUCTION 

H-I.l  Background  and  Summaiy 

Moit  of  the  attenuation  of  NMM 
wavelength  radiation  by  the  char  atmosphere 
near  sea  level  is  due  to  the  amtorplion  lines  of 
HaO  and  0|.  Additional  very  weak  absorption 
results  from  the  rotational  lines  of  CO,  NiO,  ano 
Oj.  In  the  lower  atmosphere,  the  absorption  by 
these  gaaes  at  any  wavelength  is  usually  much 
less  than  the  absorption  by  HjO.  In  the  upper  at' 
mosphere,  where  the  HiO  density  is  very  low 
and  colllsional  bror  denlng  of  the  lines  is  slight, 
one  of  thcM  minor  constituents  may  produce 
most  of  the  attetiuation  at  a  given  wavelength. 

The  tpeciral  curves  of  HuO  atte.iu- 
atlon  versus  wavenumber  given  in  sections  li-2, 
-3,  and  -4  of  this  chap;  er  are  based  on  a  coinblna' 
tlon  of  theory  and  experimental  results  obtained 
by  many  workers.  Air  Force  Geophysical 
Laboratory  (AFGL)  scientists'  have  compiled 
and  stored  on  magnetic  tape  the  essential 
parameters  of  all  the  significant  atmospheric  ab< 
sorption  lines  at  all  frequencies  up  through  the 
infrared.  These  line  param.eters  served  as  the 
basis  for  calculated  values  of  attenuation. 
Following  a  procedure  similar  to  that  employed 
by  Burch,*  we  have  added  an  "empirical  con¬ 
tinuum"  to  the  theoretical  values  to  bring  about 
agreement  with  experimental  results  in  the  at¬ 
mospheric  windows.  Although  this  procedure 
lacks  a  rigorous  theoretical  basis,  the  results 
probably  represent  all  the  accuniulated  HiO 
attenuation  data  in  as  simple  and  as  accurate  a 
form  as  is  possible  at  this  time.  Data  un  the  other 
gases  (Oi,  CO,  NjO,  and  Oj)  that  absorb  In  the 
NMMW  Kgion  are  baaed  strictly  on  the  line-by¬ 
line  calculations. 


‘K.  A.  McCUMtif  s.  3.  A.  Cloutk  D.  E.  Burch,  K.  f. 
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The  methods  used  in  the  calculation 
are  described  and  most  of  the  absorption 
parameters  arc  defined  later  in  this  section. 
Because  of  the  dominance  of  the  HaO  absorp¬ 
tion,  this  gas  is  treated  separately.  Contributions 
by  the  other  gases  arc  then  included.  Horizontal 
atienuation  at  low  altitudes  is  discussed  in  sec¬ 
tion  II-2.  The  effects  of  decreased  pressure  and 
HiO  density  at  high  altitudes  are  Illustrated  in 
the  diicussion  of  section  Ii-3.  Five  NMM  win¬ 
dows  have  been  investigated  further  in  order  to 
determine  the  attenuation  as  a  function  of 
altitude  from  the  top  of  the  aimosphere  down  to 
various  altitudes.  Results  of  ^hese  calculations 
are  presented  in  section  II-4. 

Section  II-S  deals  briefly  with  possi¬ 
ble  anomalous  absorption  by  HiO,  particularly 
when  the  vapor  is  near  saturation.  Uncertainties 
in  the  results  are  discussed  in  section  11-6. 

Il~l,2  Cmeous  Composition  of  the 

Atmosphere 

Approximately  99.97  percent  of  the 
dry  (no  HjO  vapor)  air  in  the  lower  atmosphere 
consists  of  Nj,  78.09  percent;  Oi,  20.95  percent; 
and  Ar,  0.93  percent.  Several  permanent  consti¬ 
tuents  make  up  the  remaining  0.03  percent.  The 
gases  that  contribute  significantly  to  attenuation 
in  the  NMMW  region  are  limited  in  table  II-l, 
along  with  their  average  concentrations  and  den¬ 
sities.  The  \  allies  given  in  the  table  are  based  on 
the  1962  U.  S.  Standard  Atmosphere*  *  and  have 
been  used  in  the  calculations  that  are  discussed 
beiow.  For  the  present  purposes,  Oi,  NiO,  and 
CO  can  be  considered  uniformly  mixed 
throughout  the  atmosphere.  The  concentration 
of  Oj  is  highly  variable  in  the  lower  atmosphere 
and  is  always  much  lower  than  It  is  at  altitudes 
between  approximately  10  and  30  km. 
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TABLE  IM.  ABUNDANCES  OF  ATMOSPHERIC  GASES  THAT  ABSORB  IN 
THE  NEAR-MILUMETER  REGION 


Gw 

ftptdM 

AlUtttda  Total  prmurc 
(km)  (atm) 

Concentration 

(moltcalM/cm') 

Rcbtlvc 
concentration 
by  voluaM" 

0, 

"o 

1.00 

5.34  X  10" 

20.95  percent 

4 

0.61 

3.S7  K  10'* 

16 

0.102 

7,25  X  10" 

N,0 

0 

1.00 

7.12  X  10'» 

0.28  ppm 

4 

0.61 

4.76  X  10'* 

16 

0.102 

9.67  X  10" 

CO 

0 

1.00 

1.91  X  10'* 

0,075  ppm 

4 

0.61 

1.28  X  10'* 

16 

0.102 

2.59  X  10" 

O, 

0 

1.00 

6.78  X  10" 

0,027  ppm 

4 

0.61 

5.77  X  10" 

16 

0.102 

3.01  X  10'* 

HiO** 

(See  figure  tI-2,  reletlng  HiO  concnUrallon  to 

altitude) 

0 

1.00 

1.98  X 10*’  -  5.91  g/m* 

4 

0.61 

3.69  X 10“  “  1.10  g/m* 

16 

0.102 

2.04  X 10“  -  6.1  X  10" 

g/m’ 

^Concenlratlona  for  all  gaaes  txctpl  H%0  correspond  to  HtO-free  air. 
^Concentrations  given  for  HtO  correspond  to  the  1962  U.S.  Standard 
Atmosphere,  Other  HtO  concentrations  employed  in  the  calculations  are  indicated 
In  the  text.  1  gm  HltO/m‘  corresponds  to  J.ifS  x  I0“  molecules/ cm’, 


Figure  II-l  provides  a  convenient 
means  of  determining  HiO  vapor  density  from 
date  on  temperature  and  relative  humidity.  If  the 
vapor  density  is  required  in  molecules  of  HjO  per 
cm',  it  can  be  found  by  multiplying  3.35  x  10“ 
by  the  density  in  g/m'. 

The  concentration  of  HjO  is  highly 
variable  in  time,  altitude,  and  geographical  loca¬ 
tion,  Several  different  model  atmospheres  have 
been  derived  and  used  by  various  groups.  Figure 
II-2  shows  plots  of  H]0  vapor  density  versus 
altitude  for  three  such  atmospheric  models.  Of 
the  three  models,  the  most  representative  single 
model  is  the  1962  U.  S,  Standard.  The  other  two 
are  more  representative  of  extreme  conditions. 


Tabulated  data  have  been  plotted  for  altitudes 
separated  by  1  km,  and  the  points  have  been  con¬ 
nected  by  straight  lines, 

As  originally  published,'  the  1962 
U,  S.  Standard  Atmosphere  did  not  include  HjO. 
However,  an  HiO  distribution  derived  by  Sissen- 
wine*  has  been  added  to  the  standard  and  is 
given  in  an  Air  Force  Cambridge  Research 
Laboratory  (AFCRL)  report.  Tabulated  data  on 
the  Tropical  and  Subarctic  Winter  Models  also 
appear  in  this  same  report. 


’S.  L,  Valley,  Handbook  of  Geophysics  and  Space  h'mifroiimivifs, 
AfCKL  (1965). 

‘N.  SIstenwine,  D.  P,  Grantham,  andH.  A.  Salemla,  Humidity  Up 
to  the  Meicpause,  AFCm.-68-OSSO  (196t). 
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Flgiut  U-l.  Plott  of  HiO  concentration  vamu  Nwiptr- 
aturc  for  varfout  ptrocneaga*  of  nlaUva  iiumidity. 


1  ii  the  radiant  power  level  transmitted  through 
the  medium  of  interest,  and  Ig  is  the  power  level 
that  would  be  observed  with  no  attenuation. 
Workers  in  different  areas  define  the  quantities 
corresponding  to  u  and  K  in  different  ways,  but 
they  must  be  defined  in  such  a  way  that  the 
prc^uct  uK  is  dimensionless.  The  AFGL  line 
parameters'  are  based  on  a  system  of  units  com¬ 
monly  used  in  the  infrared  which  defines  u  as  the 
number  of  absorbing  molecules  in  a  square  cm 
cross  section  of  the  optical  path.  The  quantity  u 
is,  therefore,  equal  to  the  density  N, 
moiecules/cm*  times  the  path  length  L  in  cm.  It 
follows  that  the  absorption  coefficient  (cross  sec¬ 
tion  per  molecule)  K  has  the  units  of 
cm*  molecules'' . 


us.  sritMOMiaN 


\T1W«CAl 

•usMcn^  ' 


•  14  •  •  1«  11  14 

ALTITUbCttml 

Figure  II-2.  Plots  of  water  vapor  density  versus 
altitude  for  three  atmospheric  models. 


II-1.3  Absorption  Parameters  and 
Line-hy-Line  Calculations 

The  transmittance  of  a  gas  sample 
at  a  single  frequency  is  givun  by  an  exponential 
equation  of  the  form 

T-  1/I„  exp(-uK)  exp  (-NLK).  (1) 


Workers  in  the  nnlllimater  region 
traditionally  have  not  characterized  atmospheric 
propagation  in  terms  of  transmittance;,  instead, 
they  express  it  in  term^  of  attenuation  measured 
in  decibels  (dB).  The  attenuation  A  in  dB  is  defin¬ 
ed  by 

A(dB)  10  log  (I„/l)  -  10  log  r  ,  (2) 

Combining  equations  (1)  and  (2)  gives 
A(dB)  -  -10  log  T  “  -4.34  In  t  «  4.34  NLK  .  (3) 

It  is  frequently  convenient  to  express 
the  density  of  tho  absorbing  gas  in  mass  per  unit 
volume  rather  than  number  of  molecules  per  unit 
volume.  If  K  is  to  be  retained  with  units  of 
cm*  molecules"',  N  must  be  replaced  by  p/m, 
where  q  is  the  density  in  g/cm*  and  m  is  the  mass 
of  each  molecule,  found  by  dividing  the 
molecular  weight  by  Avngadro's  Number  (6.02  ^ 
to**  molecules  per  gram  molecular  weight).  In 
many  of  the  calculations  discussed  below,  q  is  ex¬ 
pressed  in  g/m*,  L  is  in  km,  and  the  attenuation 
coefficient  is  in  dB/km. 

Equation  (3)  can  then  be  rewritten  as 
AL(dB/km)  -  A(dB>/L(km) 

4.34  X  10*  (cin/km)i)(g/n\*)10~*(m* / cm*)K(cm*/ molecule) 
m(g/inolecule) 

'K,  A,  MrClalchty,  W,  S.  Biiitdlcl,  S,  A,  Clouih,  D,  B,  L’urch,  R. 
F.  Culfu,  K,  Fox,  L  A.  golhmMH,  and  /.  S.  Caring,  AFCRL  At- 
mosplirrtc  Abio'-/>thn  Linr  Paramtltn  Coniiilktlon,  Air  Fare*  Cam¬ 
bridge  Reuarch  iaiiorafory  AFCRL-TR-73-OOf>6  (/aiiuary  1V73). 
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With  the  unit*  as  defined,  this  equa¬ 
tion  reduces  to  the  following  when  the  absorbing 
gas  is  H|0  (molecular  wt  -  18.0  and  m  -  2.99  x 
lO"”  g/molecule). 

AL(dB/kin)  -  1.45  x  10“eK  (for  HjO)  (5) 

The  absorption  coefficient  K  as 
defined  is  unambiguous  and  has  the  important 
advantage  of  being  independent  of  the  density  of 
the  absorbing  gas.  On  the  other  hand,  it  involves 
the  use  of  numbers  with  large  exponents  and  is 
somewhat  difficult  to  relate  to  lengths  and  den¬ 
sities  normally  used.  Use  of  the  quantity  has 
the  disadvantage  that  it  is  necessary  to  specify 
the  density  for  which  it  is  defined.  This  quantity 
has  the  advantage,  however,  that  the  total  at¬ 
tenuation  by  a  path  of  known  length  can  be 
calculated  from  it  quite  easily. 

For  convenience  in  comparing  dif¬ 
ferent  values  of  attenuation  by  HiO,  we  define 
an  additional  quantity  as  the  value  of  Al  for 
an  HiO  density  of  1  g/m*. 

AJ  “  Ai.(dB/km)/8(g/m') .  (6) 

A  path  length  of  1  km  (10*  cm) 
through  an  atmosphere  with  an  HaO  density  of 
1  g/m*  corresponds  to  an  absorber  thickness  of 
0,1  g/cm*,  or  to  0.1  precipitnbk  cm  of  liquid 
H,0.  The  units  of  g/cm*  and  precipltable  cm  of 
liquid  HaO  are  commonly  used  by  infrared 
worksis. 

The  APGL  line-parameters  tape  in¬ 
cludes  the  Intensity  Sq  {  (sometimes  called 
strength),  center  position  Vj,  and  half-width  j 
of  each  absorption  liiVe  of  significance  for  at¬ 
mospheric  attenuation  from  the  infrared  to  the 
microwave  region.  Also  includfid  is  other  infor¬ 
mation  that  is  required  to  calculate  the  strengths 
and  half-widths  at  temperatures  other  than  the 
reference  temperalures,  Data  are  included  for  the 
permanent  atmospheric  gases:  Na,  0„  COj, 
HaO,  NiO,  CO,  CH^,  and  Oj.  Only  five  of  these, 
KaO,  Oa,  CO,  NaO,  anti  Oa  absorb  significantly 
in  the  NMMW  region  and  are  considered  below. 


In  a  calculation  typical  of  those 
discussed  below,  the  theoretical  absorption  coef¬ 
ficient  (K  ^k|  cm^molecules"*)  is  computed  by 
summing  the  calculated  portion  of  the  absorp¬ 
tion  coefficient  due  to  each  individual  absorption 
line  centered  in  the  microwave,  near-mlllimeter 
and  infrared  regions  of  the  spectrum  below  6000 
GHz.  Similar  calculations  are  made  for  many 
wavelengths,  with  the  intervals  between  adjacent 
wavelengths  small  enough  to  retain  all  of  the 
spectral  structure.  This  requires  that  the  spacing 
be  no  more  than  about  1/4  the  half-width  of  the 
narrowest  lines.  Values  of  the  attenuation  coeffi¬ 
cient,  A{,,  for  a  particular  HaO  density  Q  are  com¬ 
puted  from  the  calculated  values  of  K  by  the  use 
of  equation  (5).  Values  of  .Al  for  CO,  NaO,  Oa, 
and  Oa  are  calculated  similarly  by  using  standard 
densities  of  these  gases. 

Curves  of  transmittance  for  a  given 
value  of  u  can  be  obtained  by  applying  equation 
(1)  to  the  computed  values  of  K,  If  two  or  more 
gas  species  (such  as  HaO  +  Oa  +  CO)  contribute 
to  the  absorption  at  a  given  wavenumber,  the 
combined  transmittance  t  is  equal  to  the  product 
of  the  individual  transmittances. 

A  very  important  parameter  in  the 
transmittance  calculation  is  the  shape  assumed 
for  the  absorption  lines.  Different  shapes  ^ave 
been  proposed  for  NMM  lines,  particularly  for 
those  of  HaO,  the  major  absorber.  All  the 
calculations  represented  below  are  based  on  a 
modified  version  of  the-  Van  Vleck-Weisskopf 
line  shape  that  is  Included  in  the  following  ex¬ 
pression  for  the  absorption  coefficient 

^  .  vU  -  «xp(-hv/kTI|  (^oY  /r 

v,U-«up(~hv,/kT)l\T/  “  kT/ 


.  - - + - , 

n  -  v()'  +  a|  (V  -(■  Vj)’  +  aj  J 

The  line  intensity  j  corresponds 
to  the  reference  temperatus'e  To  '(296  K).  The 
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value  of  at  any  given  temperature  T  is  essen¬ 
tially  independent  of  (the  half  width  of  the 
line),  and  thus  independent  of  total  pressure  P. 
The  center  of  the  line  is  given  by  vi  and  the  point 
of  calculation  by  v.  E*  is  the  energy  of  the  lower 
state  involved  in  the  transition.  If  ^  is  large,  Sg  ] 
increases  rapidly  with  Increasing  temperature. 
Planck's  constant  and  Boltzmann's  constant  are 
represented  by  h  and  k,  respectively.  The  con¬ 
stant  d  1.5  for  HiO  and  Oi  aiid  1  for  the  other 
molecules  considered  here. 

The  line  shape  lepresented  by  equa¬ 
tion  (7)  has  the  obvious  drawback  that  the  in¬ 
tegral  /  k(dv  is  infinite  if  the  integration  is  carried 
out  over  all  wavenumbers.  This  because 
ki  approaches  a  constant  value  wtun  v»vi.  In 
the  NMMW  region,  this  is  not  a  problem  because 
V  is  never  laige  and  is  less  than  the  values  of  vi  for 
many  of  the  lines  that  contribute  to  the  absorp¬ 
tion.  In  the  calculations  represented  below,  only 
the  HiO  lines  for  which  vj  <  6000  GHz  were  in¬ 
cluded. 

In  the  NMMW  region,  Doppler 
broadening  of  absorption  lines  is  negligible  for 
the  present  applications.  Therefore,  line 
broadening  is  due  solely  to  collisions  of  the 
absorbing  molecules  with  other  molecules,  The 
half-width  a]  of  a  line  when  the  gas  is  at  total 
pressure  P(atm)  is  given  approximately  by 

«l  -  *0,1  (To/T)»*(P/Po)  <») 

where  Pq  “  1  atm,  and  j  is  the  half-width  at 
half  maximum  of  the  line  at  the  reference  condi¬ 
tions.  Values  of  Og  { listed  on  the  AFGL  tape  are 
based  on  the  assumption  that  all  the  collision's  of 
the  absorbing  molecules  are  with  Na  molecules. 
Thus,  self-broadening  produced  by  collisions  of 
the  absorbing  molecules  with  other  molecules  of 
the  same  species  is  excluded.  This  assumption 
probably  does  not  lead  to  significant  error  in  the 
attenuation  calculations  for  Oa,  CO,  and  NaO 
because  of  the  very  low  concentrations  of  these 
gases.  Errors  of  several  percentage  points  may  be 
introduced  by  this  simplifying  assumption  in  the 
calculations  for  HaO  and  Oa.  These  possible  er¬ 
rors  are  discussed  in  more  detail  in  section  11-6. 


The  modified  Van  Vleck-Weisskopf 
line  shape  represented  by  equation  (7)  is  one  of 
the  few  shapes  that  have  been  suggested  for  HiO 
absorption  lines  in  the  infrared  and  NMMW 
regions.  Unfortunately,  none  of  the  proposed 
shapes  lead  to  theoretical  results  that  agree  well 
with  experimental  results,  In  the  "windows"  be¬ 
tween  the  strong  KaO  lines,  the  experimental  at¬ 
tenuation  is  generally  greater  than  the  theoretical 
value  by  as  much  as  25  to  150  percent.  The 
method  of  accounting  for  this  discrepancy  is  dis¬ 
cussed,  along  with  the  results  in  section  11-2. 

Although  none  of  the  theoretical 
shapes  is  completely  adequate,  one  feature  is 
common  to  all  of  them  and  is  consistent  with  ex¬ 
perimental  results  obtained  in  the  Infrared  and 
NMMW  regions.  In  the  wings  of  a  line  where 
|v  ~  vj»a,  the  value  of  kj  is  proportional  to  a, 
which,  in  turn,  is  proportional  to  pressure  (see  eq 
(7)  and  (8)).  Thus,  in  a  window  region  that  is 
well  separated  from  any  lines  that  contribute 
significantly,  the  total  absorption  coefficient  K 
due  to  all  of  the  lines  is  also  proportional  to 
pressure.  It  follows  from  the  above  discussion 
that  Ai,,  the  attenuation  in  dB/km,  is  propor¬ 
tional  to  Qp,the  product  of  the  density  of  the  ab¬ 
sorbing  gas  and  the  total  pressure.  At  most  of  the 
altitudes  of  interest,  the  densities  of  0>,  N^O  and 
CO  are  proportional  to  P;  thus,  the  attenuation 
by  the  wings  of  the  lines  of  any  of  these  gases 
varies  as  P‘  and  consequently  decreases  rapidly 
with  increasing  altitude.  In  general,  the  attenua¬ 
tion  by  HjO  decreases  even  more  rapidly  with  in¬ 
creasing  altitude  because  of  the  rapid  decrease  in 
fiHiO- 


n-2.  HORIZONTAL  ATTENUATION  AT 
LOW  ALTITUDES 

The  method  described  in  the  previous  sec¬ 
tion  has  been  used  to  calculate  the  theoretical  at¬ 
tenuation  by  HaO  at  zero  altitude  for  the  HaO 
density  (3.91  g/m’)  represented  by  figure  11-2  for 
the  1962  U.  S.  Standard  Atmosphere.  The 
calculated  values  were  then  compared  with  the 
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experimental  reeults  obtained  by  many  different 
workers.  In  most  cases,  the  experimental  data  are , 
based  on  a  different  H|0  density  and  had  to  be 
adjusted  to  represent  a  density  of  5.91  g/m*.  No 
adjustments  were  made  (or  the  differences  be¬ 
tween  the  gas  temperatures. 

In  general,  there  is  excellent  agreement  in 
the  positions  of  the  line  centers;  intensities  and 
line  widths  also  appear  to  agree  well,  although 
these  two  parameters  cannot  be  checked  as  ac¬ 
curately  as  the  positions,  Serious  discrepancies 
occur  ^tween  the  experimental  and  theoretical 
attenuation  coefficients  in  the  windows  between 
the  strong  lines.  The  relatively  high  experimental 
values  imply  that  either  (a)  the  theoretical  line 
shapes  do  not  predict  enough  wing  absorption  or 
(b)  there  is  an  additional  source  of  absorption. 
Dimers  consisting  of  two  HaO  molecules  joined 
together  have  been  suggested  as  a  possible  addi¬ 
tional  source  of  absorption.  Dimers  and  other 
possible  sources  of  anomalous  absorption  are 
discussed  further  in  section  II-6,  Rather  than  at¬ 
tempt  the  very  difficult  task  of  determining  the 
exact  absorption  mechanism,  we  have  used  a 
combined  theoretical-experimental  approach  to 
obtain  spectral  curves  of  attenuation  that  are 
realistic  and  adaptable  to  a  variety  of  atmos¬ 
pheric  conditioru. 

In  order  to  bring  about  agreement  be¬ 
tween  calculated  and  experimental  data,  we  have 
added  an  "empirical  continuum"  to  the  values 
calculated  theoretically  on  the  basis  of  the  line 
parameters.  Curve  A  of  figure  11-3  represents  the 
calculated  values  after  the  empirical  continuum, 
represented  by  curve  B,  has  been  added.  The 
data  points  shown  in  figure  II-3  represent  several 
sets  of  Workers,  and  in  many  cases  a  single  data 
point  represents  the  average  of  many  original 
data  points.  Many  apparently  reliable  data  by 
various  other  workers  necessarily  have  been 
omitted.  The  results  of  different  workers  are 
generally  in  good  agreement  if  the  data  were  ob¬ 
tained  under  well-controlled  conditions.  The 
data  illustrated  by  the  points  between  14  cm“‘ 
and  34.  cm''  are  based  on  laboratory  data  of 


Burch.'  These  data  agree  favorably  with  the 
other  limited  data  available  from  laboratory  and 
field  measurements.  Other  data  represented  in 
figure  11-3  are  by  Ryadov  and  Furashov,*  Frenkel 
and  Woods,'  Straiton  and  Tolbert,'  and 
Dryagin,  et  al.* 

A  bibliography  by  Guenther  et  al'" 
references  many  other  papers  and  i  ports  on 
NMMW  propagation. 

Most  of  the  discrepancy  between  the  theo¬ 
retical  and; the  experimental  results  is  probably 
due  to  the  lack  of  knowledge  about  the  shapes  of 
the  extreme  wings  of  collision-broadened  HjO 
lines.  Many  very  strong  H|0  lines  centered  at 
frequencies  above  the  NMMW  region  contribute 
to  the  absorption  in  the  NMM  windows.  The 
shapes  of  these  distant  lines  must  be  known  if 
their  contributions  are  to  be  calculated  accurate¬ 
ly. 

The  theoretical  contributions  by  all  the 
lines  centered  below  200  cm*'  (6000  GHz)  were 
included  in  the  calculations.  Other  calculations 
performed  at  a  different  time  indicated  that  there 
is  a  negligible  contribution  to  NMMW  absorp¬ 
tion  by  the  extreme  wings  of  HjO  lines  centered 
above  6000  GHz,  In  fact,  most  of  the  calculated 
NMMW  attenuation  by  HjO  results  from  lines 
centered  below  1200  GHz  (A  >  0.25  mm).  The 
separate  use  of  the  empirical  continuum  curve  is 

‘D,  C,  Burch,  Ahrorfillon  of  Jn/rared  Ruiilml  Enirgy  bji  COt  and 
HiO,  W,  Abwrpllon  by  HiO  btIWMti  0.5  and  36  enr'  (278  ym  lo  I 
cm),  foumal  of  the  O/itlcul  Society  of  AmiHcu,  vol,  hS  (lOfS), 
2M2-1394. 

*V«,  V,  Ryadov  and  R.  I,  t^uraehov,  Inuttllyallon  of  Iht  Sycetrum 
of  Radlowavi  Abtorpllon  by  Atmotyharie  Water  Vayor  In  the  1,15  to 
l.S~mm  Range,  Radio  Phyilci  and  Quantum  Eleelranice,  ool  15,  no. 
10  fOc(oli*r  197i),  1124-1125, 

'I,  Frenkel  and  P,  Woodt,  The  Microwave  Abeorytlon  by  HiO 
Vayor  and  lie  MIxIuree  with  Other  Gaeee  Between  100  and  300  GHi, 
I'roceedinge  of  the  IBEE,  uol.  54  (tOM),  495-505, 
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Radio  Wavee  by  Atmoiyherlc  Gaiee,  Proceedinge  of  the  IRE,  vol,  45 
(1900)  595. 

"Tu.  A.  Dryagin,  A,  G.  Klelyakov,  L,  M.  Kukin,  A,  I,  Nauniov, 
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Flgurt  U-3.  SpMtrtl  ploti  of  the  •Itcnuation  by  atmoiphortc  HiO  at  mm  Itval.  Cunv  A  rtpnstntt  a  combination 
of  tluontical  and  axparimerttal  ratuht  far  an  H|0  dmsity  of  5.91  g/m*.  Curve  B  correapondi  to  an  empirical 
continuum  that  is  added  to  theoretical  results  to  provide  agreement  with  the  experimental  results  represented 
by  the  data  points  (superscript  numerals  represent  literature  references  of  Chapter  It).  •,  Burch;*  ■,  Ryadov 
and  f  uriuhovi*  O,  Frenkel  and  Woods:’'  A,  Straiton  and  Tolbert;'  and  ▼,  Dryagln  ct  al,'  The  transmittance 
scale  on  the  right-hand  side  corresponds  to  a  1  km  path. 


not  intended  to  Imply  that  such  a  continuum  ex¬ 
ists  as  a  result  of  some  separate  absorption 
mechanism.  It  is.  however,  intetesting.  that 
values  represented  by  this  smooth  curve  do 
represent  the  difference  between  experimental 
and  theoretical  results.  As  indicated  above,  this 
"extra"  absorption  may  be  due  to  unpredictably 
high  absorption  by  the  wings  of  lines,  or  to 
dimers.,  or  to  other  sources  that  are  not  yet 
understood.  If  a  line  shape  other  than  the 
modified  Van  Vkck-Welsskopf  shape  had  been 
used,  the  values  represented  by  the  empirical 
continuum  would  be  slightly  different.  But  a  con¬ 
tinuum  is  still  required  to  produce  agreement  be¬ 
tween  experimenta.1  results  and  theoretical  results 
based  on  any  of  the  widely  used  line  shapes. 

The  HiO  vapor  density  (5.91  g/m*)  on 
which  figure  11-3  is  based  corresponds  to 
approximately  46-percent  relative  humidity  at 
15  C  (59  F).  The  actual  density  may  vary  in  ex¬ 
treme  cases  from  as  low  as  approximately  0.2 
g/m*  Iss  very  ccld,  dry  air  to  as  high  as  30  or 


40  g/m’  in  hot,  humid  air.  To  a  first  approxima¬ 
tion,  the  attenuation  by  a  fixed  atmospheric  path 
length  at  a  fixed  pressure  and  temperature  may 
be  taken  proportional  to  the  H)0  density.  The 
deviation  from  this  simple,  linear  relationship  for 
high  HiO  vapor  densities  is  discussed  in  section 
11-6  and  Chapter  1. 

Curve  A  of  figure  II-4  applies  to  low' 
altitudes  where  the  pressure  is  near  1  atm.  This 
curve  is  based  on  the  same  HjO  density 
(5.91  g/m’)  as  the  corresponding  curve  in 
figure  11-3.  However,  the  contributions  by  Oj, 
O3,  CO,  and  NiO  are  also  included  in  the  curve 
of  figure  11-4.  Of  these  four  gases,  only  Oi  makes 
a  significant  contribution  for  low-altitude  atmos¬ 
pheric  paths.  The  O,  contribution  represented  by 
the  bottom  curve  is  also  much  less  than  that  by 
HjO  except  over  a  few  narrow  spectral  intervals. 
Thus,  the  two  cur>i,.  s  labelled  A  in  figures  11-3 
and  II-4  are  quite  similar.  The  only  significant  in¬ 
fluence  on  curve  A  by  the  0»  ii>  the  NMMW 
region  is  near  3.5  mm  (4  cm"').  Very  minor  ef¬ 
fects  can  be  observed  near  14  and  16  cm“‘. 
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flgun  IM.  Spactrai  ploti  of  the  atttntMllon  by  tht  19M  U.S.  StemUrd  Abnotphan  •!  m  laval  and  4>l(m 
alttluda.  Tht  wattr  vapor  it  5.91  g/tt^  at  taa  Itvtl  and  1,10  g/nf  at  4~km  altitudt.  Conetntmiont  of 
othtr  gattt  art  givtn  te  tubl*  ll-l,  7‘ht  lowtr  curvt  rtprtttntt  Ot  on/y  nt  ua  Itvtl. 


For  comparison,  the  attenuation  (or  this 
same  model  absorption  is  approximately  0.2 
dB/km  in  the  10-j4m  window"'*'  and  less  than 
0,1  dB/km  near  3.6  pm.'* 


U-3.  HORIZONTAL  ATTENUATION  AT 
HIGH  ALTITUDES 


Curve  B  o(  (Igure  11-4  corresponds  to  a 
horizontal  path  at  a  4-km  altitude  where  the 
total  pressure  of  the  1962  U.S,  Standard  At¬ 
mosphere  is  0.61  atm.  In  obtaining  curve  B,  the 
appropriate  temp>erature  (-11  C)  and  HiO  den¬ 
sity  (1.10  g/m*)  were  used  to  cal'.ulatc  the  line 
contribution.  The  amount  of  empirical  con¬ 
tinuum  added  to  the  theoretical  values  was  0,11 
times  the  value  given  by  curve  B  of  (igure  II-3. 
The  constant  0.11  was  based  on  the  assumption 
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that  the  required  empirical  continuum  is  pro¬ 
portional  to  the  product  of  total  pressure  and 
H,0  density  (0.61  (1.10/5.91)  -  0.11).  No  ac¬ 
counting  was  made  for  the  different 
temperature  In  computing  the  continuum. 

The  Important  difference  in  the  attenua¬ 
tion  curve  for  a  4-km  altitude  is  the  decrease  by 
more  than  a  factor  of  10  in  the  attenuation  in 
the  window  regions.  A  few  very  weak  HiO  lines 
and  the  Oi  lines  also  make  on  observable,  but 
small,  influence  on  the  curve  for  the  higher 
altitude. 

Figure  11-5  shows  calculated  spectral  atten¬ 
uation  curves  for  the  1962  U.S.  Standard  At¬ 
mosphere  at  a  16-km  altitude  where  the  total 
pressure  is  only  0.1  atm.  All  the  absorbing  gases 
have  been  included  with  the  concentrations 
given  in  table  11-1.  Comparison  of  figure  11-5 
with  figures  11-3  and  11-4  reveals  two  major  dif¬ 
ferences,  First,  the  average  attenuation  is  much 
lower  in  the  window  regions  between  the  strong 
HiO  lines.  This,  of  course,  is  due  to  the 
combination  of  lower  total  pressure  and  lower 
H]0  density.  Second,  there  is  much  more  struc¬ 
ture  in  the.  spectrum.  The  lines  of  all  of  the  gases 


are  narrower,  because  of  the  reduced  collision 
broadening  at  the  low  pressure.  Because  of  the 
greatly  reduced  amount  of  HjO  absorption,  the 
lines  of  Oi,  O],  CO,  and  NiO  can  be  observed. 
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Figun  II-5.  Spectral  piot  of  calculated  horUontal  atten¬ 
uation  at  16-km  alHtudt.  No  eitifilrlcal  conHnuunt 
for  HtO  hat  been  added  to  theoretical  values,  All 
permanent  atmospheric  gases  have  he,  n  Included, 

The  average  broadband  attenuation  is 
quite  low  for  long  atmospheric  paths  at  high 
altitudes.  Only  a  few  decibels  of  broadband  at¬ 
tenuation  are  predicted  for  paths  of  as  much  as 
100  km.  If  a  monochromatic  source  is  to  be  used 
over  very  long  paths  in  the  upper  atmosphere, 
particular  attention  must  be  paid  to  the  possible 
wavelength  coincidence  of  the  source  and  the  ab¬ 
sorption  lines. 


11-4.  VERTICAL  ATTENUATION 

It  is  necessary  to  calculate  the  vertical  at¬ 
tenuation  on  the  basis  of  the  assumed  vertical 
distributions  of  the  gases  and  on  the  known 
dependence  of  attenuation  on  pressure  and  tem¬ 
perature. 

The  most  accurate  calculation  of  the  ver¬ 
tical  attenuation  would  require  dividing  the  at¬ 
mosphere  into  several  layers.  The  appropriate 
temperature,  pressure,  and  gas  concentrations 
would  be  applied  to  each  layer,  and  the  attenua¬ 
tion  would  be  calculated.  Spacings  between  the 
adjacent  wavenumbers  where  calculations  are 
made  would  necessarily  be  very  small  in  order  to 
preserve  the  spectral  structure.  At  very  high 
altitudes,  the  pressures  are  low  and  the  absorp¬ 
tion  lines  are  very  narrow.  Thus,  the  spectral  in¬ 
terval  between  points  must  be  much  narrower 
than  is  required  for  calculations  of  lower  atmos¬ 
pheric  attenuation.  After  the  appropriate  calcu¬ 
lations  have  been  made  for  each  layer,  the  atten¬ 
uations  by  successive  layers  are  added  together 
to  yield  the  combined  attenuation. 

Calculations  of  the  type  just  described  for 
the  entire  NMMW  region  are  very  expensive  and 
beyond  the  scope  of  the  present  study.  In  addi¬ 
tion,  the  accuracy  of  such  calculations  would  be 
limited  because  of  the  lack  of  knowledge  about 
line  shapes,  effects  of  temperature  change,  and 
possible  anomalous  absorption.  However,  by 
making  a  few  simplifying  assumptions,  it  is 
possible  to  perform  some  zenith  attenuation  cal¬ 
culations  with  an  accuracy  that  may  be  adequate 
for  many  applications.  Although  errors  of 
several  percent  may  be  introduced  by  making  the 
assumptions,  the  results  may  be  as  accurate  as 
the  assumed  atmospheric  composition. 

Figure  11-6  shows  the  results  of  calcula¬ 
tions  of  the  vertical  attenuation  in  five  different 
windows.  The  center  of  each  window  Is  in¬ 
dicated,  and  the  Interval  over  which  each  curve 
applies  is  given  in  the  legend.  The  width  of  each 
interval  is  chosen  so  that  the  attenuation  coeffi¬ 
cient  varies  within  approximately  ±10  percent 
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Fifura  U-6.  Plott  of  cdlcuktttl  unlth  attanuatloii  vtniu  altitude.  Curves  represent  attenuation  by  water  vapor 
from  top  of  atmosphere  down  to  altitude  Indicated  by  abscissa,  each  curve  Is  valid  over  the  approximate  spec¬ 
tral  interval  as  follows:  22.2  cm‘‘,  22,3  to  Zi.2  cm~‘,  (0.471  to  0,431  mm)  and  27,2  to  29,7  cm"'  (0.36S  to 
0.337  mm)t  13.8  cm",  13.5  to  14.1  cm"'  {0.74  to  0,71  mm)i  11. S  cm",  11.2  to  11.9  cm"'  (0.89  to  0.84  mm); 
7.2em",  6.7  to  7.8  cm"  (1.49  to  1.28  mm). 


of  the  nominal  value  uted  in  the  calc  ulations,  As 
can  be  seen  in  figure  II>3,  the  attenuation  is  very 
nearly  the  same  in  the  22.2  cm"  window  as  in  the 
28.5  cm*'  window.  Therefore,  the  22..^!  cm*' 
curve  also  applies  to  the  28.5  cm*'  window. 

Each  curve  corresponds  to  a  relatively 
wide  band  at  any  wavenumber  within  the  inter¬ 
val  indicated.  Because  of  the  fine  structure  in  the 
attenuation  curves  that  results  from  the  narrow 
lines,  the  attenuation  may  be  much  greater  at  a 
particular  wavelength  than  is  indicated.  The 
average  attenuation  over  an  interval  wider  than 
approxim.ately  0.1  cm"  is  not  affected  greatly  by 
these  narrow  lines,  which  may  produce  relatively 
krge  attenuation  coefficients  at  the  line  tenters, 

Three  different  atmospheric  models  have 
been  assumed.  The  I'ropical  Model  Atmosphere 
is  intended  to  be  typical  of  the  tropics;  therefore, 
even  higher  humidity  than  that  assumed  for  the 
calculatlrns  may  be  encoutitered.  The  resulting 
attenuation  would  then  be  correspondingly 
higher.  Similarly,  the  Subarctic  Model  At- 
MOBphe<e  does  not  represent  the  lowest 


possible  humidity,  but  it  is  typical  of  the 
geographical  location  and  climate  implied  by  the 
name. 

Prom  results  of  calculations  of  lower 
atmospheric  attenuation  by  Oi,  Oj,  N»0,  and 
CO,  we  have  shown  that  the  combined  broad¬ 
band  attenuation  by  these  gases  in  the  five  at¬ 
mospheric  windows  considered  is  le.v?  than  1  dB  t 
for  the  entire  path  from  ground  level  to  the  top  of  j 
the  atmosphere.  For  the  applications  of  primary 
interest,  this  small  amount  of  attenuation  is  of  no 
concern.  Therefore,  no  contribution  by  these 
four  gaser.  has  been  included  in  the  results  illus¬ 
trated  in  figure  11-6,  HiO  is  the  only  absorbing 
gas  considered.  The  maximum  possible  error  in¬ 
troduced  by  neglecting  the  other  four  gases  is  less 
then  0.5  dB  for  altitudes  abov>;  4  km  and  less 
than  1  dB  for  any  altitude. 

Data  on  total  pressure  P  and  HiO  vapor 
density  p  were  compiled  fer  each  of  the  three  at¬ 
mospheric  models  (see  fig.  II-2).  The  average 
values  of  P,  p,  and  the  product  pP  vi'cre  deter¬ 
mined  for  each  I  km-thick  layer  from  0-  to 


IS-km  Mltltudu,  It  was  assumed  that  the  attenua- 
tion  coefficient  Al  is  proportional  to  the  product 
fiP  in  accordance  with  the  discussion  of  section 
11-1.3.  For  example,  from  figure  11-3  we  see  that 
the  average  attenuation  coefficient  Al  in  the  22.2 
cm*'  window  is  approximately  50  dB/km  for  q  ■■ 
S.9  g/m*.  The  attenuation  in  a  given  window  by 
each  atmospheric  layer  was  found  by  multiply¬ 
ing  the  average  value  of  pP  by  0.169  f  ■■  1/5.9) 
times  the  average  value  of  Al  from  figure  11-3. 
Values  of  the  attenuation  of  successive  layers 
were  then  added. 

This  method  of  calculation  ignores  any  in¬ 
fluence  of  changing  temperature  in  the  at¬ 
mosphere.  Infrared  data'*  on  the  absorption  by 
the  extreme  wingt  of  HaO  indicate  that  the  ab¬ 
sorption  Increases  rapidly  with  decreasing  tem¬ 
perature.  No  existing  theories  on  tine  shape  ade¬ 
quately  predict  this  observed  behavior.  It  seems 
likely  that  the  effect  of  temperature  on  the  wing 
absorption  in  the  NMMW  region  also  cannot  as 
yet  be  predicted  reliably.  Thus,  a  sophisticated 
calculation  of  lenith  attenuation  that  is  based  on 
the  theoretical  line  shapes  could  very  well  pro¬ 
duce  results  that  are  no  more  reliable  than  those 
obtained  in  this  relatively  simple  manner. 

If  the  temperature  dependence  is  the  same 
in  the  NMMW  region  as  in  the  infrared,  the 
values  indicated  by  figure  II-6  are  more  likely  to 
be  low  than  high.  It  seems  likely  that  the  true 
values  are  more  than  50  to  100  percent  higher 
than  those  indicated  for  the  high  altitudes  where 
the  temperatures  are  lowest.  The  expected  error 
is  less  (25  to  SO  percent)  for  altitudes  below  ap¬ 
proximately  3  km. 

The  calculated  attenuation  in  the  1  ropkal 
and  1962  IJ.S.  Standard  Atmo.'tpheres  from  a 
O-km  altitude  to  tl.e  top  of  the  atmosphere  is  ap¬ 
proximately  equal  to  that  of  a  2-km  path  at  0-km 
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altitude."  For  the  Subarctic  Winter  Model,  the 
corresponding  equivalent  horizontal  path  is 
somewhat  longer,  approximately  2.7  km. 

U-5.  ANOMALOUS  ABSORPTION 

Workers  at  Appleton  Laboratory  in 
Slough,  England  (see  r^erences  6,  9, 10,  and  11 
in  Chapter  I)  have  published  a  series  of  letters 
and  papers  that  present  experimental  evidence  of 
anomalous  HjO  absorption  that  is  not  predicted 
theoretically  for  the  simple  HiO  monomer  (single 
HaO  molecule).  Emery  et  al"  discuss  the  ex¬ 
perimental  methods  and  present  spectral  data  in 
the  4  to  15  cm'*  (120  to  450  GHz)  region.  The 
amount  of  this  anomalous  absorption  Is  difficult 
to  relate  quantitatively  to  HaO  density  and  tem¬ 
perature,  the  two  parameters  on  which  it  is  ex¬ 
pected  to  depend  most  strongly.  In  general,  the 
absorption  is  much  more  prevalent  when  the 
HaO  vapor  is  near  saturation.  It  has  been  sug¬ 
gested  that  other  HaO  molecular  complexes  in 
addition  to  the  dimer  are  the  source  of  this  ab¬ 
sorption.  Lack  of  equilibrium  between  the  dif¬ 
ferent  complexes  coulu  account  for  the  Inability 
of  the  experimenters  to  obtain  reproducible 
results. 

The  strongest  maximum  in  the  anomalous 
absorption  occurs  near  13  cm  '.  At  this  position, 
the  anomalous  portion  of  the  absorption  coeffi¬ 
cient  was  found  to  be  more  than  45  dB/kin  for  a 
laboratory  sample  with  T  25.5  C,  relative 
humidity,  80  percent,  and  HaO  vapor  density  of 
19  g/m’.  Smaller  peaks  were  observed  near  8.5, 
9.0,  10.2,  and  11.2  cm"‘.  The  relative  heights  of 
the  peaks  were  not  reproducible  and  were  quite 
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different  for  umplee  in  a  multi-pats  cell  than  for 
open  air  lamplea,  Thete  data  point  out  the  need 
to  consider  the  spectral  structure  of  the 
anomalous  absorption  as  well  at  that  of  the  HiO 
monomer  when  selecting  the  wavelength  of 
operation  for  any  near-millimeter  system. 

Calculated  values  of  attenuation  based  on 
the  curvet  of  figures  II-3  through  II-6  may  be  op¬ 
timistically  low  under  conditions  that  are  con¬ 
ducive  to  anomalous  absorption.  There  is  an  ob¬ 
vious  need  for  additional  research  designed  to 
bring  about  a  better  understanding  of  this  prob¬ 
lem. 


U-6.  ACCURACY  AND  ASSUMPTIONS 

MADE  IN  CALCULATIONS 

Several  assumptions  were  made  in 
calculating  the  attenuation  values  given  in 
previous  sections.  The  most  important  assump¬ 
tions  involve  (1)  the  modified  Van  Vleck- 
Weisskopf  line  shape,  (2)  the  validity  of  an  em¬ 
pirical  continuum  to  account  for  the  difference 
between  the  experimental  and  theoretical  attenu¬ 
ation,  (3)  the  lack  of  a  dependence  of  H^O  wing 
absorption  on  temperature,  (4)  neglecting  self¬ 
broadening  by  H|0,  and  (5)  exclusion  of 
anomalous  absorption  in  atmospheric  applica¬ 
tions.  Each  of  these  assumptions  was  made 
because  of  the  lack  of  reliable  data  to  account 
properly  for  the  offect  involved.  This  sub-section 
deals  with  these  assumptions  and  the  expected 
errors  that  result  in  calculations. 

Burch’  has  shown  that  experimental  data 
on,  HiO  attenuation  cannot  be  predicted  ac¬ 
curately  over  the  entire  NMMW  region  by  a 
single  theoretical  line  shape.  The  disagreement 
between  theory  and  experiment  is  worst  in  the 
windows  where  the  nearest  lines  are  several  half¬ 
widths  away.  Burch  and  his  co-workers'*  at 
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Ford-Aeronutronic  have  also  found  evidence 
that  the  shapes  of  self-broadening  iidrared  lines 
of  HiO  are  different  from  Ni-broadened  lines. 
Workers"  in  the  same  laboratory  have  also 
found  that  the  same  is  true  for  COi  absorption 
lines.  The  major  differences  in  the  shapes  of  both 
COi  and  HjO  lines  occur  in  the  extreme  wings. 
In  view  of  the  inability  to  predict  Infrared 
absorption  by  a  single,  relatively  simple  line 
shape,  it  is  not  surprising  that  the  same  problem 
exists  in  the  NMMW  region. 

Equation  (8)  for  the  half-width  of  absorp¬ 
tion  lines  is  based  on  the  assumption  that  all  the 
collisions  of  the  absorbing  molecules  are  either 
with  molecules  of  Ni,  or  that  the  collisions  with 
other  molecules  have  exactly  the  same  broaden¬ 
ing  effect  as  a  like  number  of  Ni  molecules.  This 
assumption  is  valid  when  the  absorbing  gas  is 
mixed  very  dllutely  with  Na;  collisions  of  two 
molecules  of  the  absorbing  gas  species  are  then 
negligible.  When  dealing  with  air,  it  would  be 
better  to  relate  the  half-widths  to  a  mixture  of 
one  fifth  Oa  and  four  fifths  Na.  The  broadening 
ability  of  Oa  is  approximately  the  same  as  that  of 
Na  in  the  infrared.  The  same  is  probably  true  in 
the  NMMW  region;  therefore,  only  small  errors 
are  introduced  by  treating  Na  as  the  only  signifi¬ 
cant  non-absorbing  broadening  gas  and  using  a 
pressure  equal  to  the  sum  of  the  Oi  and  Na  par¬ 
tial  pressures. 

The  most  serious  potential  errors  in  ignor¬ 
ing  all  broadening  except  that  by  Na  arise  from 
the  self-broadening  of  HaO  lines.  Partial 
pressures  of  HaO  seldom  exceed  3  or  4  percent  of 
the  total  pressure  in  air.  However,  collisions  of 
absorbing  HaO  molecules  with  other  HaO 
molecules  are  much  more  effective  than  HaO-Na 
collisions.  Line  broadening  data  on  HaO  lines 
throughout  much  of  the  infrared  indicate  that  the 
broadening  by  a  given  number  of  HaO  molecules 
is  equivalent  to  approximately  five  times  as 
many  Na  molecules.  Liebe  and  Dillon"  have 
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demonstrated  that  this  ume  ratio  between  self' 
broadening  and  Ni  broadening  alio  applies  to  the 
0.71  cm”  (22  GHs)  and  6.1  cm”  (183  GHjt)  H,0 
lines.  Thus,  it  is  probably  safe  to  assume  that  the 
same  ratio  applies  throughout  the  NMMW 
region. 

It  follows  that  the  half-width  of  an  HtO 
line  is  more  accurately  given  by  the  following 
equation  than  by  equation  (9)  for  a  mixture  of 
H,0  in  N,. 

('^.  +  5Ph.o)1 

The  half-width  of  the  HiO  line  is  equal  to 
Oo  when  the  HjO  is  mixed  very  dilutely  (Ph,o« 
PnJ  in  1  atm  of  Nj  at  temperature  Tq,  The  total 
pressure,  HaO  partial  pressure,  and  Na  partial 
pressure  are  indicated  by  P,  Ph,o>  and  Pn„ 
respectively.  Under  a  quite  humid  condition, 
PHiO  could  be  as  high  as  0.04  atm.  This  leads  to  a 
l^percent  increase  in  «  for  P  ■■  1  atm  over  its 
value  if  Ph,o  were  negligible. 

Self-broadening  of  HaO  lines  also  in¬ 
fluences  the  absorption  in  atmospheric  windows 
by  another  mechanism  that  may  be  more  impor¬ 
tant  than  the  change  in  er.  Tkds  results  from  the 
apparent  difference  between  the  shape  of  the 
wings  of  a  self-broadened  line  and  that  of  an 
Na-broadened  line.  The  absorption  by  pure  HaO 
and  by  HaO  +  Na  has  been  investigated  exten¬ 
sively  in  many  narrow  windows  throughout  the 
infrared.  Of  special  interest  are  windows  in 
which  much  of  the  observed  absorption  is  due  to 
HaO  lines  centered  more  than  about  10  or  20 
cm*'  from  the  print  of  measurement.  In  all  such 
windows,  the  influence  of  self-broadening  is 
more  than  five  times  the  influence  on 
Na-broadening  by  the  same  numbyr  of  Na 


mbiccules.  Burch*  has  found  that  this  is  also  true 
for  the  22  cm”  and  28  cm”  windows.  We  con¬ 
clude  from  all  of  these  data  that  the  proper  ratio 
for  line  widths  is  approximately  5:1,  and  that  the 
wings  of  a  self-broadening  HaO  line  absorb  more 
than  the  wings  of  the  same  HaO  line  if  it  it 
broadened  to  the  same  width  by  Na.  Note  that, 
by  definition,  the  half-width  relates  only  to  the 
center  portion  of  a  line  and  not  to  the  wings, 
Two  lines  of  the  same  intensity  are  said  to  have  a 
different  shape  if  they  absorb  differently  in  the 
wings  when  their  half-widths  are  equal. 

t 

The  cornbihed  influence  of  self-  . 
broadening  due  to  changes  in  the  half-widths  and 
the  shapes  may  be  much  greater  than  would  or¬ 
dinarily  be  expected  because  of  the  low  concen¬ 
tration  of  HaO.  All  the  discussion  in  sections  II-2, 
-3,  and  -4  is  based  on  the  absorption  coefficient  K 
being  independent  of  the  H|0  density  p,  and  Ay, 
therefore  being  directly  proportional  to  c  (see  eq 
(4)).  The  self-broadening  may  increase  the  values 
of  K  enough  to  cause  the  attenuation  to  be 
considerably  higher  for  high  HaO  density  than 
would  be  predicted  from  the  equations  based  on 
data  obtained  at  lower  densities.  For  example,  if 
p  M  30  g  HaO/m*  (Ph,0  “  0.04  atm)  the 
calculated  attenuation  in  the  22  cm"'  and  28  cm” 
windov/s  may  be  low  by  as  much  as  20  to  40  per¬ 
cent.  This  error  due  to  self-broadening  could  be 
even  greater  in  the  lower  wavenumber  windows; 
it  is  unlikely  that  it  would  be  less  than  20  percent. 

All  the  calculations  discussed  in  sections 
11-2,  -3,  and  -4  are  also  based  on  the  assumption 
that  the  only  influence  of  changing  temperature 
on  K  is  that  due  to  the  change  in  a  (see  cq  (8)). 
Again,  data  on  infrared  windows  indicate  that 
this  asaumptlon  is  not  completely  valid;  it  is  also 
probably  not  entirely  valid  in  the  NMMW 
region.  In  general,  the  wing  absorption  decreases 
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with  increasing  temperature  at  a  faster  rate  than 
is  predicted  by  simple  line-shape  equations.  This 
unexplained  temperature  dependence  is  more 
pronounced  for  self-broadening  than  for 
Ni-broadening.  High  KjO  densities  necessarily 
occur  with  high  temperatures.  Therefore,  the 
temperature  effect  may  partially  cancel  the  self¬ 
broadening  effect  dtscussed  in  the  previous 
paragraph. 

Available  data  in  the  microwave  and 
millimeter  regions  were  not  generally  obtained 
under  conditions  that  were  controlled  well 
enough  to  provide  much  information  on  the  in¬ 
fluences  of  temperature  or  self-broadening.  Data 
at  3.8  and  4.3  inm  by  Crawford  and  Hogg  (see 
description  of  technique  in  Chapter  VII)  do  in¬ 
dicate  an  increase  in  the  attenuation  per  km  per 
unit  density  (AC  as  defined  in  cq  (6))  with  in¬ 
creasing  HiO  density.  This  could  be  explained  in 
terms  of  self-broadening.  Unfortunately,  Qi  ab¬ 
sorbs  at  these  two  wavelengths,  and  the  HiO  at¬ 
tenuation  was  determined  by  subtracting  the  Oi 
attenuation  from  the  measured  total  attenuation. 
Variations  in  temperature  undoubtedly  produced 
variations  in  the  amount  of  Oi  attenuation, 
which,  in  turn,  increased  the  uncertainty  in  the 
HaO  measurements. 

It  seems  likely  that  the  Van  Vleck- 
Weisskopf  line  shape  included  as  a  factor  in 
equation  (7)  is  valid  for  both  self-broadening  and 
Ni  broadening  within  a  few-tenths  of  a  cm"',  or 
even  a  few  cm"',  from  the  line  centers.  The  in¬ 
fluences  of  both  self-broadening  and  Na  broaden¬ 
ing  must,  of  course,  be  accounted  for  in 
calculating  or.  Moat  of  the  deviation  from  the 
simple  shape  probably  occurs  beyond  1  cm"' 
from  the  line  center;  this  deviation  depends 
strongly  on  temperature  and  is  different  for  self- 
broadening  than  for  Na  broadening'.  The  use  of 
the  empirical  continuum  discussed  In  section  II-2 
has  some  physical  basis  in  that  it  could  represent 
the  "extra"  absorption  due  to  the  extreme  wings 
of  very  distant  lines  as  well  as  that  due  to  devia¬ 
tions  from  the  Van  Vleck-Weisskopf  shape. 
Proper  use  of  the  empirical  continuum  requires 
that  the  portions  due  to  self-broadening  and  Ni 


broadening  be  known.  The  temperature 
dependence  must  also  be  known. 

The  extra  absorption  not  predicted  by 
theory  has  been  attributed  by  some  workers  to 
dimers.  This  source  of  absorption  has  also  been 
used  to  explain  the  large  ratio  between  the  effects 
of  self-broadening  and  Ni  broadenitqt  in  win¬ 
dows,  Dimers  may  be  responsible  for  some  of 
this  absorption,  but  it  is  unlikely  that  they  are 
responsible  for  it  at  every  wavelength  where  it 
has  been  observed.  Infrared  lines  of  several  gases 
have  been  shown  to  have  different  shapes  fur 
self-broadening  than  for  Ni  broadening.  It  is 
reasonable  to  expect  that  the  same  is  true  in  the 
NMMW  region.  Absorption  by  the  wings  of  self- 
broadening  H]0  lines  has  the  same  dependence 
on  H^O  partial  pressure  as  does  absorption  by 
dimers.  The  absorption  per  unit  length  at  a  fixed 
temperature  is  proportional  to  (Ph,o)’‘  T'hls 
sintilar  dependence  makes  it  very  difficult  to 
determine  experimentally-whlch  type  of  absorp¬ 
tion  is  being  observed. 

The  anomalous  absorption  below  15  cm*' 
that  has  been  observed  by  the  group  at  Appleton 
Laboratory  contains  distinct  absorption  features 
that  are  not  produced  by  adding  a  continuum  to 
theoretical  spectra  of  the  HaO  monomer.  It  has 
not  been  possible  to  relate  this  anomalous  ab¬ 
sorption  quantitatively  to  HiO  density  and 
temperature  although  it  is  most  prominent  at 
high  relative  humidities.  Ryadov  and  Furashov' 
have  studied  H^O  attenuation  between  5.5  and 
8.5  cm"',  a  portion  of  the  region  where  the  Ap¬ 
pleton  Laboratory  group  observed  distinct 
anomalous  absorption  minima  and  maxima. 
Ryadov  and  Furashov  did  not  obseive  any  struc¬ 
ture;  therefore,  it  is  difficult  to  determine  under 
what  conditions  the  anomalous  absorption  is  im¬ 
portant.  Under  conditions  of  very  high  relative 
humidity,  the  total  attenuation  including 
anomalous  absorption  might  well  be  much 
greater  in  the  7.2  and  11.5  cm"'  windows  than  is 
predicted  by  figures  II-3  through  II-6. 
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The  curvtt  l•btlled  A  in  fifurce  II-9  end 
11-4  are  butd  on  rtsuitt  of  many  different  ex^ 
ptrimenti  carried  out  under  many  condittona. 
Therefore,  the  uncertaintlei  in  the  attenuation 
coefficient!  in  the  windows  are  difficult  to 
Httmate.  ThoN  preeented  for  the  23  and  28  cm** 
windows  are  probably  accurate  to  IS  or  20  per* 
cent,  Values  presented  for  lower  wavenumbers 
are  more  uncertain  because  the  data  were  obtain¬ 
ed  under  Icss*controUed  conditions.  Of  course, 
the  application  of  these  results  to  the  real  at¬ 
mosphere  is  subject  to  the  additional  uncertainty 
in  the  atmospheric  composition.  Self-broadening 
in  atmosphsHc  paths  with  high  HiO  density  may 
produce  20  to  30  percent  more  attenuation  than 


would  be  calculated  by  assuming  that  the  at¬ 
tenuation  is  directly  proportional  to  HaO  densi¬ 
ty. 

The  curves  of  aenith  attenuation  by  H|0 
in  figure  tl-6  are  based  on  the  curvet  of  figures 
11-3  and  IM  and  arc  subject  to  the  same  errors. 
Additional  errors  undoubtedly  arise  because  of 
the  differences  in  H|0  density  ^nd  temperature 
in  the  upper  atmoaphere.  These  variations  may 
not  be  accounted  for  properly.  Values  of  total 
aenith  attenuation  may  be  In  error  by  at  much  as 
SO  to  100  percent  at  high  altiiudeti  the  errors  are 
probably  lets  than  25  to  SO  percent  at  tow 
altitudes. 
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UM.  INTRODUCTION 

The  extinction  of  radiation  by  particles  is 
a  very  old  and  well-developed  field  of  physics, 
and  for  the  purposes  of  radar,  is  very  well  under¬ 
stood,  The  difficulties  arise  because  of  the  lack  of 
precise  data  characterizing  scattering  media, 
such  as  the  shape  of  dust  particles,  the  degree  of 
aspherlcity  of  rain  droplets,  particle  size  distribu¬ 
tions  and  temperatures,  and  the  refractive  indices 
of  the  particles. 

The  exact  relationships  fur  the  extinction 
of  electronugnetic  radiation  by  small  particles 
were  first  obtained  by  Mie  in  the  early  '1900'8  and 
many  subsequent  treatments  of  the  subject  are 
available.  Notable  among  these  are  Stratton'  and 
Van  de  Hiilst,’  An  excellent  treatise  of  the 
general  subject  has  been  edited  by  Kerr.'’ 

The  particular  effect  of  atmospheric  par¬ 
ticulates  which  is  most  important  depends  on  the 
kind  of  system  under  consideration.  For  mono- 
static  radar  systems,  baukscattering  from  aero¬ 
sols  limits  the  contrast  between  beam  on  and  off 
target  and  often  the  range  at  which  a  target  can 
be  detected  and  tracked.  Wide-angle  scattering 
and  absorption  remove  power  from  the  beam 
and  will  limit  either  range,  where  no  contrast 
problem  occurs,  or  the  slgnal-to-noise  ratio, 
where  one  does  occur.  Forward  scattering  nor¬ 
mally  shows  up  as  an  attenuation  mechanism 
where  flood-illuminated  targets  against  a  non- 
cluttered  background  are  being  encountered.  It 
attenuates  by  spreading  the  beam  and  hence 
reducing  the  power  density  of  the  illuminating 
beam.  Forward  scattering  could  have  more 
serious  effects  on  systems  where  high  angular 
resolution  is  of  paramount  importance.  Wide- 
angle  scattering  aside  from  attenuation  would  be 
most  serious  in  designator  systems,  since  a  seeker 
might  not  be  able  to  track  effectively. 


7.  A.  SInlloti,  Hltclroniiiiiniilli;  Thtory,  McGnw  HIII  Book  Coni- 
fimij/,  Saw  York  (IV4V.  554-S73.  „  „  , 

*H,  C.  Vuii  if»  Hulil,  Light  Scnllitring  by  Sniiill  I’urtlchs,  folin  Wll«y 
niiJ  SoMJ.  N«ui  York  fieS7.),  ^ 

‘I?.  E,  Kerr,  vil.,  Bropagulion  of  Short  Kuiiio  Whum,  McCjrnw-HIII 
Book  CatltiMitiit,  New  York,  Ch  7-h  (IVSl). 


Attenuation  (often  called  extinction)  is 
normally  broken  down  into  absorption  and  scat¬ 
tering.  The  cross  sections  appropriate  to  these 
quantities  are  defined  as  follows  for  individual 
particles. 


•  Scattering  cross  section 

^  ^  Power  scattering  Into  4n  »ter«cll«n» 

Incident  power  deniily 

•  Absorption  cross  section 

Power  ebsorbed  «»  heet 
Incident  power  density 

•  Extinction  or  attenuation  cross 

section 

^ext  "  ^»bs  *-K* 


(la) 


(lb) 


(Ic) 


*  Backscatterlng  cross  section  for  the 
scattering  region  in  the  far  field  of 
the  antenna 

Bsckicsttered  power 
Incident  power  density 


These  four  quantities  are  normally  complex  func¬ 
tions  of  the  shape,  size,  dielectric  properties  of 
the  particle,  and  the  frequency  of  the  incident 
ladiation.  Following  normal  practice,’  the  nor¬ 
malized  cross  sections  or  efficiencies,  Q,  can  be 
expressed  in  the  following  manner  for 
homogeneous  spherical  particlesi 


Qbc 


‘  nD'/4  X’ 


][](-l)'’(2n-H)(An-  Bi,) 

n-1 


(2s) 


Qstii  “ 


nD‘/4 


-  1  (2n  +  l)(|Anl'  +  |Bnl‘)  (2b) 

V 1  4-/ 


n-1 


^ext  __  ^ 
Qext  “  "01/4  “  i' 


Re 


Y,  (2n  +  l)(An  +  »n) 


n-1 


(2c) 


^abs 

Qabs  “  rD>/4  "  ~  ' 


(2d) 
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where  D  U  the  particle  diameter  and  X  *  nD/A; 
An  and  Bn  are  the  coefficients  of  the  n^h  electric 
and  magnetic  modes  given  by 


Ai\  ■» 


Xln<X)[<»)n«»]'  -  mlxinixll'WnW 
xhn<X)[WnWl'  “  «(xi<i\(>l)]'Wn(il) 

lxln(x)V«nW  -  "tX)n(x)|glntf)r 
“  txh„(x)[Plii(H)  -  mxhn(x)(U)n(l»)r 


where  m  is  the  complex  refractive  index  of  the 
particle,  p  ■■  am,  )n  is  the  n^^*  order  spherical 
Bessel  functiop  of  the  first  kind,  and  hn(x)  ■■ 
)n(a)  +  il-ll^j-n-lfa)  is  the  nfh  order  spherical 
Bessel  function  of  the  third  kind.  The  prime 
denotes  differentiation  with  respect  to  the  argu¬ 
ment.  Re  denotes  real  part  of. 

For  particles  small  compared  to  the 
wavelength,  the  Rayleigh  approximation  is  valid 
and  only  the  first  term  in  the  series  need  be  re¬ 
tained.  The  cross  sections  then  reduce  to 


(4a) 

Xs-IKI'D* 

3A- 

(4b) 

n‘mmi-K) 

C,b.  ^ 

(4c) 

where  K  ■■  (m*  -  l)/(m*  +  2);  Im  means  im¬ 
aginary  part  of.  The  complex  index  of  refraction, 
m,  is  defined  as 


m  “  V  -  be 


<5) 


x  is  related  to  the  bulk  absorption  coefficient,  t, 
in  the  medium  by 


ini 


(6) 


The  power  in  a  collimated  beam  is  reduced  by 
e'^  after  traversing  a  path  length  i  in  a 
medium  with  a  bulk  absorption  The  term 
Im(-K)  in  equation  (4c)  is  expressed  in  terms  of  v 
and  x  as 


(3s) 


<ab) 


Im(-K)  - 


i¥K 


■(v>  +  *•)•  +  Siv*  1) 


(7) 


This  should  not  be  confused  with  the  <  olume- 
Bcattering  coefficient  of  an  assemblage  of  such 
particles  suspended  in  air. 

If  radiation  lmpir.ges  on  a  medium  of  in¬ 
dex  of  refraction,  n,  where  |n  —  1|  is  small  and  in 
which  is  suspended  a  distribution  of  particles  of 
index  of  refraction,  m,  separated  by  distances 
large  compared  to  their  diameters  and  the 
wavelength,  then  the  cross  sections  characteriz¬ 
ing  the  medium  are  as  follows. 

The  reflectivity  or  backscatter  crow  sec¬ 
tion  per  unit  volume  (backscatter  coefficient),  f), 
and  the  attenuation  coefficient,  y,  are  evaluated 
cssentlslly  by  summing  the  effect  over  all  par¬ 
ticles  in  the  Illuminated  volume.  Thus, 


Dmin 


N(D>Cbj,(D)dD 


(S) 


where  N(D)dD  is  the  number  of  particles  per  unit 
volume  with  diameters  between  D  and  D  +  dD. 
The  attenuation  y  (dB/unIt  of  path  length)  is 


y  «  4.M3 


Dmlr. 


N(D)C*,t(D)dD 


(9) 


In  the  Rayleigh  scattering  region,  where  nD/A  « 
1,  attenuation  is  due  mainly  to  absorption,  i.  e., 
^ext  ^abs’  expressions  (4)  appropriate  to 
the  Rayleigh  regime,  can  be  substituted  into  ex¬ 
pressions  (8)  and  (9),  yielding, 
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1  -  ®  /  lyNiWdD  ao) 

y  -  4.343  /D‘N(D)dD  <«> 

J’D’N(D)dD  ii  just  the  total  volume  of  particles 
per  unit  volume  divided  by  r/6  so  that  (11) 
reduces  to 

r  -  81.86 .  <W) 

where  Vp  is  the  total  volume  of  particulate  mat¬ 
ter  per  unit  volume,  y  has  the  units  of  dB/(unit 
for  measuring  A).  If  the  particulate  matter  has  a 
density  of  q  (g/cm')  and  if  Vp  is  expressed  in 
m’/m',  one  can  write 

y  -  81,86  -  (dB/km)  (13) 

A  9 

for  X  in  millimeters.  W  is  the  mass  of  particles  in 
grams  per  cubic  meter  of  aerosol.  Note  that  c  ■■ 
1  g/cm'  for  water.  This  is  an  extremely  impor¬ 
tant  equation,  yielding  the  aerosol  attenuation  of 
near-millimeter  wave  in  the  Rayleigh  limit.  The 
expression  will  be  valid  regardless  of  the  shape  of 
dust  or  smoke  particles  as  long  as  the  condition 
(A  » largest  particle  dimension)  holds. 

For  particles  very'  targe  compared  to  the 
wavelength  it  is  Interesting  to  note  another  im¬ 
portant  limiting  case.  This  is  where  x  oo  or 
where  D  »  A.  This  is  called  the  optical  limit,  as 
distinguished  from  the  Rayleigh  or  small  particle 
limit.  In  the  optical  regime,  the  shape  of  particles 
is  of  obvious  crucial  importance  and  it  turns  out 
that  for  spherical  particles 

y,xt  -  4,343  /  D*  N(D)dD  {14«) 

or 

/ 

y^,  -  8.686njR«N(R)dR  (l«b) 

8.686  (Indlvlduil  ixnlcl*  cross-  (14c) 

■It  Mctional  arew) 

unit  voluiYi* 


This  result  means  that  large  particles  attenuate 
beams  or  remove  twice  as  much  power  from  a 
beam  as  would  be  expected  from  a  simple  sum¬ 
ming  of  their  geometrical  cross  sections.  This  ef¬ 
fect  is  a  consequence  of  the  diffraction  around 
such  particles. 

It  is  also  well  known  that  particles  have  a 
maximum  extinction  cross  section  of  four  times 
their  geometrical  cross  sections  when  x  ■■  1. 

For  spherical  homogeneous  particles  with 
diameters  comparable  to  the  wavelength,  the 
Mie  scattering  theory  is  very  well  developed  and 
demonstrably  correct.  There  is  some  information 
available  on  particle-size  distributions  typical  of 
rain  and  fogs  for  making  predictions  as  to  the  at¬ 
tenuation  and  backscattering  characteristics  dur¬ 
ing  such  conditions. 

The  current  major  source  of  uncertainty 
about  the  attenuation  effects  due  to  atmospheric 
condensed  water  is  in  the  temperature 
dependence  of  the  refractive  index.  Dlermend- 
jian,^  Rozenberg,'  Lukes,"  and  Ray,'  have  made 
relatively  recent  critical  surveys  of  this  subject. 
Rozenberg  and  Ray  have  tabulated  the 
temperature  and  fk'cquency  dependence  based  on 
a  modification  of  the  Debye  theory  and  the  best 
available  data,  but  errors  may  be  substantia]  ex¬ 
cept  in  the  long  wavelength  part  of  the  near 
millimeter  range.  Dlermendjian  and  T,ukes  con¬ 
cluded  that  the  room  temperature  data  of  Davies 
et  al*  are  quite  reliable.  Dlermendjian  considered 
the  available  data  at  other  temperatures  so 


DiomiHfifian,  IFar  Infrand  and  SubmlUitmiiir  VViivtf 
Hon  by  Chud»  and  Kulh.  Rufid  Corporation  Rvport  AD-A021'^7 
{April  1975). 

*V.  I.  Kottnhtrg,  Srattaring  and  Athnuutton  of  Ehctrotntign$;t{c 
Kadiation  hy  Atmorphtric  Particlti,  Hydrometiorohgical  Prat,  iyn- 
ingrad,  USSH  (1972). 

•C.  D.  Lukfi,  Prnttrabiliiy  of  Haia,  Fog,  Cioudt.  and  Pnetpitution 
hy  Hadiant  Enargy  owr  tin  Sptetral  Rangt  0. 1  Micron  to  !()  <>«• 
tiinttar$,  T/it  Ctnttr  for  Naval  Anaiystt  of  th«  Univanity  of 
Rochaatar,  Raporl  No.  61  (May  1968), 

*P.  S.  Ray,  Broadband  CotnpU)c  Rafractlve  Indictg  of  la  and 
Water.  Applitd  Optki,  voi  11  (197Z).  1639. 

■M.  Daviti.  C.  W.  f.  Pardoe,^  /.  Churiibfr/a/ri,  Hriii  H.  A,  CMie, 
SubmilUmatar-  and  Mdl/ititter  tlmud  Ahtorption  of  Some  Polar  and 
Noiupokr  Lkuidt  Mtaturtd  l>y  fowWer  Tramfortn  Sptictroicopy, 
TraMsacftnriK  of  tha  Faraday  Svvitty,  voi  66  (2970),  273. 
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unreliable  that  he  made  his  rain  and  fog  attenuB' 
tion  calculations  using  room  Umperature  (24  C) 
refractive  indices  in  spite  of  his  knowledge  that 
riUn  and  cloud  droplets  are  substantially  cooler 
than  this.  In  spite  of  this  uncertainty, 
Rozenberg's  tabulation  probably  illustrates  the 
trends  which  are  interesting  and  important. 
Figure  IIM  is  a  plot  of  v  and  k  versus  temperature 
for  the  indicate  wavelengths.  The  rather  large 
irwrease  in  v  for  the  longer  wavelength  has  the  ef¬ 
fect  of  increasing  the  backscattering  and  attenua¬ 
tion  from  scattering  due  to  small  particles  at  high 
temperatures  in  rain,  Of  more  importance  is  the 
decrease  in  x  with  decreasing  temperature  at 
0,8  mm.  This  has  the  effect  of  substantially 
docreasing  the  losses  due  to  absorption  by  small 
droplets  of  liquid  water  at  colder  temperatures.  It 
should  be  emphasized  that  under  most  condi¬ 
tions,  absorption,  not  scattering,  is  the  dominant 
attenuation  mechanism  at  these  wavelengths. 
The  factor  Im(-K)  is  plotted  in  figure  III-2  for  k  ■■ 
0.8  mm  and  A  «  2  mm.  It  can  be  seen  that  for 
temperatures  higher  than  about  -5  C,  the 
temperature  dependence  is  opposite  for  these  two 
wavelengths.  The  absorption  at  0.8  mm  increases 
with  increasing  temperature  while  that  for  3  mm 
increases  with  decreasing  temperature.  The  scat¬ 
tering  coefficient,  however,  varies  only  ^^20  per¬ 
cent  over  the  same  range,  so  that  any  significant 
temperature  dependence  in  the  scattering  is 
buried  in  whatever  role  temperature  might  play 
in  a  particle-size  distribution  or  In  the  details  of 
the  Mie  series.  Generally,  v  increaces  significant¬ 
ly  at  the  longer  millimeter  and  centimeter 
wavelengths  while  remaining  relatively  constant 
for  short  millimeter  and  submillimeter 
wavelengths.  It  should  be  noted  that  the  above 
discussion  pertains  to  supercooled  water  and  not 
to  ice, 

The  temperature  at  which  an  ice  fog 
fomts  from  a  water  fog  depends  on  particle  sizes* 
and  other  factors,  such  as  purity.  Generally,  it 
appears  to  be  in  the  range  of  -30  to  -40  C  for 
droplets  in  the  1  to  10  pm  range.  Figure  III-3 
(from  Dienncndjian)  shows  the  optical  constants 

'U.  /.  Miuon,  Cloud  Physin  2nd  tdlUon,  Claridoii  Prm  (1971). 


of  water  and  ice  which  he  considers  to  be  the 
mos<  reliable  available.  Figure  111-4  is  the  same 
for  ice  (from  Ray).  It  can  be  seen  that  each  set  of 
data  for  x  (ice)  tends  toward  negligible  values  in 
the  near-mlllimeter  wave  region.  The  real  part,  v, 
is  not  large  and,  therefore,  one  would  anticipate 
negligible  NMMW  attenuation  in  an  ice  fog. 

Figure  I1I-5  is  a  plot  from  Lukes*  of  the 
number  density  versus  droplet  radius  for  a 
number  of  different  meteorological  conditions 
ranging  from  haze  to  very  heavy  rain.  In  can  be 
seen  from  this  that  scattering  will  be  a  more  im¬ 
portant  factor  for  rain  than  for  fogs  at  NMM 
wavelengths. 


ni-2.  FOG  AND  HAZE 

IU~2,1  General  Characteristics 

The  meteorological  condltloiu 
referred  to  as  fog  and  haze  are  generally  different 
only  in  intensity,  Both  conditions  are  caused  by 
suspended  liquid  water  droplets  near  the  earth's 
surface.  The  particle-size  distribution  and  con¬ 
centrations  are  roughly  as  illustrated  in 
figure  1II-5.  The  condition  is  called  a  fog  or  a 
haze,  depending  on  whether  visibility  is  less  or 
greater  than  a  kilometer,  respectively. 

As  is  discussed  by  Middleton,'” 
visibility  is  loosely  defined  as  that  distance  at 
which  large  dark  objects  can  be  discerned  against 
the  horizon  during  daylight  by  human  observers. 

Fogs  are  roughly  characterized  as 
being  advection  or  radiation,  depending  on  the 
meteorological  conditions  causing  their  forma¬ 
tion.  Advection  fogs  generally  form  when  satu¬ 
rated  air  moves  over  water  or  terrain  at  a  lower 
temperature.  This  causes  cooling  and  hence  the 
condensation  or  small  water  droplets.  Radiation 

•G.  D.  Luku,  PttulmbWlj/  of  Huit,  fog,  Cloudt  and  Puclpilalion 
by  Radiant  fimrgy  ou«r  the  SyycVnl  Rangt  0.1  Microns  lo  10  Cm- 
llnttlars,  Thr  Ctnitr  for  Naval  Analysts  of  Iht  Univtrsllji  of 
Rochtsfir,  Report  No,  61  (May  1966). 

"W.  £.  K,  Middleton,  Vision  Through  the  Atmosphere,  University 
of  Torotito  Pftsi  (1963). 
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fogt  are  cauaed  by  the  rapid  cooling  of  land  or 
water  after  lunset.  Thla  cauaet  a  fog  if  the  lurfacc 
atmoapherc  waa  near  aaturation  at  the  temper¬ 
ature  of  the  surface  during  aunahine.  Other  tj^ 
of  fogs  are  identifiable  and  it  should  be  em¬ 
phasized  that,  very  often,  several  of  the 
established  mechanisms  may  contribute  simul' 
tancously  to  the  formation  of  any  given  fog, 
Figure  III-6  is  a  plot  visibility  versus  liquid  water 
content  characteristic  of  the  two  kinds  of  fogs," 


Flgurs  lU-3.  Optical  constants  of  water  os  used  by 
DtemMndlUan,  Far  Infrand  and  Submilllmattr 
Wavt  Attmuation  by  Clouds  and  Rain,  Rand 
Corporation,  AD-021-947  (1973). 

Predictability  of  fog"  is  an  im¬ 
portant  factor.  The  frequency  of  occurrence, 
severity,  and  duration  of  those  meteorological 
conditions  causing  severely  restricted  visibility 
(such  as  fog,  haze,  and  low-lying  clouds)  are 
very  sensitive  functions  of  geographic  location. 
This  discussion  will  be  restricted  to  that  of  the 
central  North  Atlantic  Tmtaty  Organization 
(NATO)  front  or  to  West  Germany,  Figures 
ni-7,  -8,  and  -9  are  reproduced  from  the  U.S. 

"  R.  C.  BUrldgt,  Halt  aHil  fog  Atraiol  DItIribulloii,  loumat  of  At- 
moi/thiHc  Sclitiet,  \wl.  23  OSMI  OOt. 

"O,  EiMNiwingtr,  On  Ihf  DtiratloH  of  Withapnad  Fag  and  Low  Coll¬ 
ing  In  Ctninil  Europr  and  Somt  Aiptcli  of  Prtdlclahllllp,  MImiIIo 
Rtuarch  and  Dovthpnitnl  Command  TI<-KK-73-l>  (1 ,4ugu»(  ll>73). 


Army  Field  Manual  FtvllOO-5  and  show  in  a  self- 
explanatory  way  the  conditions  in  West  Ger¬ 
many.  Generally,  one  in  every  three  mornings, 
visibility  will  be  less  than  1  km  in  the  fall  and 
winter.  Note  also  that  fog  ‘s  infrequent  in  the 
summer  and  relatively  infrequent  in  the  spring. 


Figure  111-4.  Optical  constants  of  ice  according  to  Fiay, 

Applied  Optics,  vol.  11  (1972),  1839. 


111-2.2  Near-Millimeter  Wave 
Attenuation  in  Fog 

Figure  III-IO  is  a  plot  from 
Dlermendjian,  based  on  full  Mie  calculations  of 
extinction  versus  wavelength  for  three  cloud 
particle-uistributlon  models  and  for  two  rain 
models.  The  modeb  used  in  the  calculations  for 
this  figure  are  as  follows  (liquid  temperature 
24  C). 

Cloud  C.l— fair  weather  cumulus, 
mode  radius  rc  4  pm,  droplet  density  N  *■ 
100/cm^  liquid  content  qi  —  0.067  g/m* 
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tMOniT  RAMUa 

Figure  111-5.  Vnlumt  conctntration  of  water  droplet 
by  (lie.  (counted  In  I-mui  intervala  of  droplet  radlue). 
Lukes,  The  Center  for  Naval  Analyses  of  the 
University  of  Rochester,  Report  til  (May  196S). 
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Figure  111-7.  Scaional  average  temperature  and  prect- 


pltaUon  In  VVeet  Gemwny,  adapted  from  U,  S.  Army 


Field  Manual  FMlOO-5,  Operations. 


OMNO  WA1W  ODMTINT  Wm'l 


Figure  lU-d.  Correlation  of  viilblllty  In  fog  with  liquid 
water  content.  R,  C.  Eldridge,  Journal  of  At¬ 
mospheric  Science,  vol.  123  (1966). 


Mi,  winter,  end  early  eyrtug  are  featured  by 
/r#aiMfif  fog  whith  lie§  f\tou(ly  on  the  land  and 
often  doee  not  ttfl  unUf  mtddmy.  f^rtitueney  nnd 
f^wra(/tfn  of  morning  fag  are  eit  fotlowe: 


Figure  Ill-S,  Scaeonal  average  occurrence  and  duration 
of  fog  In  Weet  Germany,  adapted  from  U.S.  Army 
Field  Manual  FMlOO-5,  Operations, 
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cloud  C. 5— stratus  or  nim- 
bostratus,  rc  6  /im,  N  -  100/cm’,  ql  "  0.297 
g/m’ 
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Cloud  C. 6— large  droplet' 
stratus/nimbostratus,  rp  "•  20  ^m,  N  0.1/cm’, 
BL  -  0.025  g/m’ 

Rain-10—10  mm/hr  rain  rate 

Raln-50— 50  mm/ hr  rain  rate  . 

Qoud  C.5  is  essentially  equivalent  to  a  fog  of 
roughly  100-m  visibility. 

Figure  111-11  shows  experimental 
data  of  attenuation  versus  visibility  at  140  GHz 
(X.  2  mm),  which  is  in  rough  agreement  with 

Dlermendjian's  calculation  when  corrected  for 
molecular  absorption. 


Figure  UI-9.  Seasonal  cloud  cover  etaUetlce  in  West  It  should  be  remembered  that  the 

Germany,  adapted  from  U.S,  Army  Field  Manual  lack  of  reliable  data  on  the  temperature  de- 
FMlOO-5,  Operations,  pendence  of  the  dielectric  constants  of  liquid 


Figure  111-10.  Tkeotellcal  extinction  coefflcienie  according  to  three  cloud  modeli  and  two  prcclpltalion  models. 
An  experimental  measicrement  made  at  MIRADCOM  during  a  100-m  visibility  fog  at  0.19  mm  has  been  added 

for  comparison.  D,  Olermendflan,  Xand  Corporation  AD-A021-947  (April  1975). 


water  droplets  as  a  function  of  temperaturet 
renders  data  such  as  that  from  Diermendjian 
uncertain  by  as  much  as  a  factor  of  2.  This  is 
especially  true  for  wavelengths  less  than  2  mm 
where  both  Rosenberg  and  Ray  agree  that  the 
Imaginary  part  of  the  refractive  index  drops  sig¬ 
nificantly  as  the  temperature  drops. 


VISIBILITV  (km) 

Figure  III-ll.  Piot  of  140-GHz  one-way  attenuation  In 
log  versus  visibility,  0,  G,  Bauir  et  al,  BalUstk 
Resiarch  Labomtorit*,  Interim  Memorandum  Report 
538  (January  1977). 

Since  fog  is  by  far  the  most  fre¬ 
quent  condition  causing  severely  restricted 
visibility  in  Europe,  it  is  worllr.vhlle  to  estimate 
the  total  attenuation  of  NMMW  ladiation  during 
fog  (including  absorption  du  '  i  n  water  vapor  and 
oxygen).  Water  vgpor  will  be  near  saturation 
during  fog  so  that  a  knowledge  of  the  tempera¬ 
tures  at  which  fogs  occur  is  sufficient  for  such  an 
estimation.  Essenwanger*  has  determined  that  80 
percent  of  fogs  in  Western  Europe  occur  with  an 
absolute  humidity  less  than  7.5  g/in’  and  that 
only  7  percent  of  such  fogs  occur  when  the  rela¬ 
tive  humidity  is  greater  than  9.4  g/m’. 

Figure  III-12  is  a  set  of  curves  for 
various  NMM  wavelengths  showing  estimated 


*0,  M,  Eftwnuiafigtfr,  Eif/mal/on  of  tht  Timptratur*  During  Fog 
Buropt,  Miiiiti  Rtuarch  and  Dtvtiopmrnt  Command  (in  pra$i). 

Wdltor‘i  Noln  roftnncf  7  in  Chaptar  VIIl  for  rtcant 
m*murtm»nts. 


total  attenuation  during  radiation  fogs  of  100-m 
visibility.  A  few  comments  are  necessary  about 
the  validity  of  this  figure.  The  water/ vapor  con¬ 
tribution  was  calculated  by  linear  extrapolation 
of  absolute  humidity  and  with  no  attempt  to  cor¬ 
rect  for  any  other  temperature  effects.  The  fog 
contribution  was  calculated  in  the  Rayle.lgh  limit 
assuming  the  liquid  water  temperature  to'  be  24 
C.  The  values  for  the  vapor  may  be  low  by 
possibly  as  much  as  50  percent  while  the  liquid 
water  part  is  overestimated  by  possibly  SO  per¬ 
cent.  Adequate  data  do  not  exist  to  substantially 
reduce  the  uncertainty  in  such  calculations. 


Figure  III-12.  Estimated  total  attenuation  versus  tem¬ 
perature  at  various  wavelengths  during  a  lOO-m 
visibility  radiation  fog. 
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Meaiurements  made  al  SRL'*  of 
total  attenuation  in  fog  at  140  GH^  (2.15  inrr.) 
are  shown  in  figure  Ill-ll  oe  seen  that 

there  Is  substantial  agrecmtt.  with  figure  111-12 
at  a  temperature  of  around  1.^  C. 

A  substantial  amount  of  data 
relevant  to  fog  and  haze  can  be  found  in  section 
111-5  of  this  report. 


ni-3.  RAIN  AND  SNOW 

Ut-3, 1  C enerat  Characieristira 

Table  HI-l  (from  Lukes)  Illus¬ 
trates  the  spectra  of  rain  particles  over  a  wide 
range  of  rain  rates. 

The  dominant  NMMW  attenua¬ 
tion  ^'techanism  rartges  from  absorption  for  mist 
to  scattering  for  the  heavier  rain  rates.  It  should 
be  emphasized  that  scattering  is  not  negligible, 
even  for  mist  and  drizzle.  It  should  also  be  noted 
that  absorption  is  the  most  Important 
mechanism  for  the  lighter  rains  so  that  the 
temperature  of  the  liquid  water  is  important  as  is 
the  prevailing  temperature  during  rainfall.  It  is 
reasonable  to  assume  that  the  atmosphere  will  be 
nearly  saturated  with  water  vapor  during  rains 
f  reasonably  long  duration 

Seasonal  precipitation  as  well  ai 
the  temperature  at  which  it  occurs  in  Western 
Germany  is  shown  in  figmx-  III-7.  Table  111-2 
shows  the  r.uinber  of  days  annually  al  five  loca¬ 
tions  in  West  Germany  when  rain  and  snow  will 
be  encountered,  *t  It  is  well  known  that  hea/y 
rains  (rate  >  4  mm/hr)  ate  very  rare  and  are  of 
short  duration, 

ti,  R.  A.  McGte,  h  f:,  ^riout.  *iin^  R  W«/faa’. 

Kr«s*iin'lt 
No.  f/aMimry  1477). 
*H.  Outiel,  MiuiU  KRVrtrr/i  dm/  f  nimmi  (fnhutf 

44  /irosJ</itr  sirh/  ftlory  I'Urf'i'iU  i.t  hvhm  ftnyunfal  for 

K  C».  urn/  H.  for  tjh 

vlrorirnirmul  »/«f4i  hr  frthlitfuitt  hy  thr 

Ifftny  Piitmotuf  Lnhonttorlrfi. 


It  can  be  concluded  that  statisti¬ 
cally,  heavy  rain  is  not  a  major  lim.'.ditg  factor 
for  ground-to-grovrtd  systems,  but  It  a  serious 
problem  for  ground-to-air  and  air-to-ground 
systems  because  of  the  cloud  cover  which  usual¬ 
ly  accompanies  the  rain. 

While  the  occurrence  of  snow  is 
much  less  than  rain,  its  effect  on  ground-tc*- 
ground  visibility  is  much  more  serious. 

UJ-J,2  Attenuation  In  Rain  and  Snow 

Attenuation  data  in  rain  arc  very 
Karce  throughout  the  NMMW  region  and  this  is 
especially  true  at  the  shorter  wavelengths.  Prom 
a  look  at  figure  111-10  one  can  see  that  the  attenu¬ 
ation  due  to  rain  is  roughly  Independent  of 
wavelength  from  the  visible  through  the 
NMMW  range.  It  h.ss  been  generally  found  that 
the  attenuation  of  millimeter  waves  Ir^  rain  is 
roughly  proportional  to  the  rain  rate. 
Figure  111-13  is  a  plot  of  attenuation  at  140  GHz 
(2,1  mm)  from  Bauer  et  al*'  which  adequately  il¬ 
lustrates  the  roughly  linear'  dependence  of  at¬ 
tenuation  on  rain  rate. 

Figure  III- 14  shows  data  taken  at 
0,96  mm  by  Sokolov  et  al.’^  Note  that  the  agree¬ 
ment  is  only  fair,  but  a  lack  of  information  as  to 
the  temperatures  and  other  factors  preclude  any 
serious  analysis 

The  attenuation  of  NMMW 
radiation  in  snow  will  depend  strongly  on  how 
wet  the  snow  is  and  hence  on  the  ter'pcT4ture  at 
which  it  is  falling.  The  dominant  mechanism  will 
certainly  be  scattering  in  dry  snow  and  perhaps 
also  in  wet  snow.  Figure  III-IS,  taken  from 
Richard”  Is  a  compendium  of  the  relevant  ex¬ 
perimental  data. 


‘M.  V.  SoUt/m*  MM»/  V*‘.  V.  AffrriimHi'M »»/ 

RmRo  /»  Xi-Oi.  K«»//a  *nh/  )Vi.vjir.4,  lut/, 

15.  no.  U  (|V70). 

'*V.  iV.  KffJiah/.  AnfU' 

'rn-VMi/-//4»fsS‘(Hi/y  102.  K/i'i  /.t’U' 

f/Vi.’Mi/urr  /47r»). 


TABU  m-l.  RAINt  NUMBU  OF  WATM  DROPLETS  PER  CUBIC  METER  FOR  SEVEN  RAIN  INTENSITI^ 


Interval  of 
drop  slats 

(rln|iai) 

Mitt 

(0.0S-Mn 
par  hr) 

Drbik 
t0.2S-mm 
p«  hr) 

Li|ht  rain 
(1-nun 
per  hr) 

Modtrata  tain 
(d-aun 
ptrM 

Haavy  rain 
(le-mm 
par  hr) 

Exctttlvv  rain 
(40'min 
par  hr) 

CliMMiburtt 
(100-nun 
ptr  hr) 

3  to  10 

6 

6 

6 

6 

6 

6 

6 

10  to  20 

13 

13 

13 

13 

13 

13 

13 

20  to  50 

51 

51 

51 

51 

51 

51 

51 

so  to  100 

69 

SO 

SS 

90 

92 

92 

95 

100  to  200 

51 

85 

106 

146 

ICO 

163 

183 

200  to  300 

10 

26 

54 

87 

110 

128 

160 

300  to  400 

2 

9 

24 

40 

75 

95 

138 

400  to  500 

0.5 

3 

11 

27 

SO 

69 

115 

500  to  600 

0.1 

1 

5 

15 

32 

50 

95 

600  to  700 

0.3 

2 

8 

20 

35 

so 

700  to  BOO 

.  0.1 

1 

4 

13 

23 

65 

SOOtoOOO 

0.4 

2 

8 

16 

32 

900  to  loco 

0.2 

1 

6 

11 

41 

1000  to  1500 

0.3 

2 

13 

26 

110 

1500  to  2000 

- 

0.1 

■*3 

4 

32 

2000  to  2500 

- 

- 

0.1 

1 

10 

2500  to  3000 

- 

• 

0.1 

3 

3000  to  3500 

- 

.. 

1 

3500  to  4000 

- 

- 

- 

0.2 

Tou! 

20.3 

274 

359 

SOI 

651 

753 

1249 

ni-3.3  Backscattering  I'n  Rain 

Under  some  conditions,'*  systems 
operating  in  the  NMMW  region  could  be  limited 
by  backscattering.  There  are  only  scant  experi¬ 
mental  backsc.'tttering  data  at  NMM 
wavelengths.  Figure  III-16  shows  the  dependence 
of  measured  backscattering  cross  section  at 
several  millimeter  wavelengths  versus  rain 
rate.'*  These  data  are  for  summer  rains  in  the 


'•V,  IV.  Rlchiittl,  Mllllnuttr  iVavt  Ku/ar  AppHeotloMi  to  IVia/ton 
Sjislnh,  Momordtidufti  Ktpan  No.  ^1,  Balllitte  Rtuarch  loboMfo- 
riM  (Junt  im), 


Orlando,  FI.,  area.  One  should  note  that  the 
backscattering  coefficient  is  smaller  at  3  mm 
(95  GHz)  than  at  4.2  mm  (70  GHa). 


Figure  111-17,  also  taken  from 
Richard,'*  represents  a  fit  of  Mlescattering  calcu¬ 
lations  to  the  BRL  data  as  a  function  of  frequ  tr¬ 
ey,  Note  the  predicted  slight  advantage  of 
shorter  wavelengths.  It  should  be  emphasised, 
however,  that  this  may  not  be  true  with  th^ 
detailed  particle-size  distributions  typical  of 
Western  Europe. 
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TABLE  UM.  AVERAGE  ANNUAL  PRECIPITATION 
CLIMATOLOOY/WEST  GERMANY 


Five  locattom 

Meesured 

Total* 

Nil* 

NJs 

Percent 

Bitburg 

26  in. 

159  days 

25  days 

(10 

Frankfim 

25 

146 

U 

(8) 

Fulda 

31 

187 

36 

(19) 

Stuttgart 

26 

157 

16 

(10) 

Berlin 

22 

153 

12 

(8) 

‘Tslalt  Annml  Mtl  pm-ifluilM  In  In. 

NnmWr  of  Ays  wllli  ^nrlWlntlnn  >  O.Oi  In. 
^^SS'  ^"'"1*'' ^V<  wllh  nui'iMIl  f  0.1  In. 


ftNnnnni 


Figure  IIM3.  14(V-GHz  r«ln  attenuation  venue  rain 

rate,  D.  C.  Bautr  et  al,  Balllatic  Reteareh  Laborafo- 
ries,  Interim  Memorandum  Report  53S  (lanuary 
1977). 

IIM.  DUST 

Naturally  occurring  dust  storms  are  not 
a  problem  in  Europe  in  the  sense  o(  causing  at¬ 
tenuation  of  NMMW  radiation.  According  to 
Hinds  and  Hordale‘’  visibility  is  reduced  to  less 
than  a  kilometer  only  once  every  10  years.  BRL” 
has  shown  that  at  2.1  mm  (140  GHz),  sufficient 
dust  to  severely  attenuate  near-infrared  and  op¬ 
tical  links  caused  no  measurable  attenuation  at 
NMM  wavelengths.  This  dust  was  generated  by 
vehicular  traffic. 

C.  fiaiJer,  R.  A,  McGm,  />  £.  Knoui,  and  H.  B.  Walker, 
140-GHz  Baamrldtr  FttasfhllffSf  Exfigti'mani,  BalHsIk  RrMarch 
Laboratorira.  Interim  Memorandum  Report  No.  536  (lanuary  1977). 

•'B.  D.  (irtd  G.  D.  HordaU  Boundary  la^gr  Dual  Occurrence 
IV.  Almo.'cpheric  Outl  Over  Selected  Ceographic  Areua.  USA  Elec- 
tronh'3  Command  ECOM-DR-77-3  ijune  1977). 


MMMnbMidHM 


Figure  111-14.  Comparison  of  theoretical  and  enperi- 
mental  dependence  of  attenuation  on  the  rain  inten¬ 
sity  at  0.96-mm  wavcleirgth.  A.  V.  Sokolov  and  Ye, 
V.  Sufchortin,  Radio  Engineering  and  Electronic 
Phyaict,  vol,  15,  no,  12  (1970),  Z167. 


I  1«  liO 


SNOWrAlllmnilHSI 

Figure  111-15.  Measured  attenuation  In  snow  versus 
snowfall  rate.  V.  IV.  Richard,  TTCP  Ad-Hoc  Study 
Croup  102,  Electro-Optical  Low  Angle  Tracking 
(December  1976), 


.1) 


68 


iTTEIIIiii?/n*l 


MIN  RATE  <mnt/HR) 

Figure  Ul-16.  M«Mur«4  average  backacatter  cocKlcIcnt 
of  rain  vertua  rain  rate.  V.  W.  Richard,  Bnlllstlc 
Research  Laboratories,  Memorandum  RufJort  2631 
(June  1976). 

Reasonable  estimates  of  the  size  and  the 
dielectric  properties  of  dusts  would  almost 
preclude  significant  attenuation,  except  possibly 
at  the  shortest  NMM  wavelengths  (300  pm) 
where  dust  particles  in  the  50-  to  100-pm  size 
range  might  scatter  significantly.  The  larger  par¬ 
ticles,  present  Immediately  following  ground 
bursts  of  munitions,  might  possibly  break  NMM 
tracking  links  for  very  short  periods  of  time, 
however.  Only  experiments  can  answer  such 
questions.* 


‘Edlloi's  Nolti  Kvuarch  tiiU  have  coafirmtii  thli  auumpllon, 
DIRT-l,  ASi-TK-0021  (lanuan/  imi,  ASL-LK-79-0026-1  (lunt 
WV),  and  Cra/  II,  (Ml  rMulls  to  bt  publlthad. 


Figure  111-17.  Calculated  and  measured  rain  backscat- 
tcr  coefficient  versus  frequency.  V,  W,  Richard, 
Ballistic  Research  Laboratories,  Memorandum 
Report  2631  (June  1976), 

UI-5.  CLOUDS 

Clouds  are  composed  of  water  and/or 
ice  particles  with  a  condensed  water  content 
ranging  from  0.1  to  1  g/m’  for  altitudes  greater 
than  2  km  and  can  range  up  to  10  g/m’  for  low- 
altitude  {'vO.5  to  5  km)  precipitating  clouds.'  ** 
The  temperature  of  clouds  depends  on  both 
altitude  and  local  conditions  and  is  a  very  impor¬ 
tant  determinant  of  NMMW  atttenuation. 
Typical  particle-size  distributions  and  liquid 
water  content  can  be  calculated  using 
figure  III-18.'*  Very  high  (>S  km)  clouds  fre- 

'B.  /,  MsMon,  Cloud  Phyilct,  2nd  edition,  Clandon  Prtu  (1971), 
"E.  Bauer,  The  Scattering  of  Infrared  Hadlallon  from  Cloudi,  Ap¬ 
plied  Opila.,  ual.  J  (19H).  197, 

"L,  W.  Carrier,  O'.  A.  Culo,  imil  K,  ].  vuh  Eiwh,  The  Backeealtering 
and  Exiincihn  of  VIethle  and  Infrared  Hadlallon  by  Selected  Ma/or 
Churl  MndWj,  Applied  Opilct,  vol.  6  (1%7),  12091216. 
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qucnily  rnty  contuln  Ivrger  ice  crytUU  with 
^Ical  dlincneioiu  of  30  to  200  fun.  It  will  be 
ohowit  that  NMMW  abiorption  cKecti 

due  to  thd  SVetf  r  contents  typical  of  tuc  clouds  are 
n^i^ble  cotppiVed,  to  those  of  Uqttld  water 
clouds,  i^attering'cu'^id  bocotrtt  very  significant 
for  large  tcc  crystals.  Since  thrk^  crystals  are 
often  preferentially  aligned  by  aerodynacnic  drag 
forces,  such  scattering  may  ^  quite  anisotropic 
with  respect  to  polarization. 


Figurt  UI>18.  Modsl  cloud  drop  spsctra.  L.  IV.  Carrier 
et  al,  The  Backicaltering  and  Extinction  of  Visible 
and  Infrared  Radiation  by  Selected  Major  Cloud 
Models,  Applied  Optics,  vol.  6(1967),  1209-1216. 

An  assessment  of  the  attenuation 
of  NMMW  radiation  by  high-altitude  large- 
particle  clouds  would  require  some  detailed 
information  on  particle  sizes,  shapes,  and 
concentratloiu  and  is  beyond  the  scope  of  this 
report.  However,  for  those  clouds  consisting 
simply  of  particles  with  sizes  comparable  to 


those  of  figure  III-IS,  absorption  is  the  domiiunt 
loss  mechanism  and  may  be  simply  calculated 
from  the  total  water  content  (liqud  or  ice)  of  the 
cloud.  ‘Table  tll-3  is  a  tabulation  of  refraction  in¬ 
dices  for  water  (from  Rozerberg).  Prom  these,  the 
absorption  or  attenuation  in  (dB/km)/(g/m*)  has 
been  computed  in  the  Rayleigh  limit;  l.e.,  scatter¬ 
ing  effects  neglected  and  attenuation  propor- 
tionid  to  lm(-K)W  as  in  equation  (13),  These 
data,  normalized  to  unity  precipitable  water  con¬ 
tent,  arc  plotted  as  a  function  of  temperature  and 
wavelength  in  figures  III-19  and  -20,  respective¬ 
ly.  For  condensed  water  concentrations  ranging 
from  0.1  to  1  g/m*,  attenuations  will  range  from 
0.2  to  5  dB/km  for  water  clouds  with 
temperatures  between  -20  C  and  -40  C.  Figure 
111-21  is  a  plot  of  attenuation  versus  wavelength 
for  ice  at  -20  C  in  (dB/km)/(g/m’),  based  on 
Ray's  data'  for  the  complex  index  of  refraction  of 
ice.  Note  that  absorption  will  be  negligible  for 
both  ice  clouds  and  ice  fogs  so  that  scattering  will 
dominate,  and  grow  in  importance  with  increas¬ 
ing  particle  size, 

TABLE  UI-3.  TABUUTION  OF  ROZENBERG'S  COM¬ 
PLEX  REFRACTIVE  INDICES  OF  LIQUID  WATER 


Ttmptrahir*  (C) 

A 

mm 

-40 

-30 

-20 

0.8  2.35  -  iO.OB 

1  2.35  -  10.10 

2  2.36  -  10.20 

3  2.37  -  10.29 

2.35  -  10.13 
2.35  -  10.16 
2,37  -  10,32 
2.40  -  10.47 

2.35  -  10.20 

2.36  -  10.25 
2.41  ~  10.49 
2.48  -  10.72 

Tampsratun  (C) 

-10 

0 

10 

0.8  2.37  -  10,30 

1  2.38  -  10.37 

2  2.48  -  10.71 

3  2,61  -  11.01 

2.39  -  10.41 
2.42  -  10.52 
2.59  -  10.95 
2.81  -  11.31 

2.43  -  10.54 
2,47  -  10,67 
2,7,1  -  11.20 
3.04  -  11.60 

Tamptratun  (C) 

20 

30 

40 

0.8  2.47  -  10.67 

1  2,53  -  10.82 

2  2.90  -  11.42 

3  3.31  -  11.84 

2.53  -  10.80 
2.61  -  10.97 
3.09  -  11.62 
3.58  -  12.04 

2.59  -  10.93 
2.70  -  11.11 
3.29  -  11.79 
3.86  -  12.20 

'P,  S,  R»e,  flroBd()«Nri  Cumyl«  Rtfmllv  Indicti  of  let  ottil 
Wultr,  Aepiltd  Ottllct,  voi  11  (1972),  1839. 
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UI-^.  SUMMARY  of  the  rather  limited  data  base  for  near- 

millimeter  wave  propagation^  the  principal 
From  the  discussions,  references,  and  utility  of  this  table  resides  in  the  approximate 

data  presented  in  this  chapter  it  is  possible  to  comparisons  rather  than  the  absolute  accuracy 

prepare  a  comparative  summary  of  aerosol  at-  of  each  value,  table  111-5  provides  a  more 

tenuation  effects  from  the  optical/infrared  detailed  look  at  the  important  case  of  fogs  for 

region  to  frequencies  In  the  millimeter  wave  do-  wavelengths  in  the  near-millimeter  wave 

main.  Table  111-4  provides  such  a  comparison.  region.  Figure  111-22  is  a  graphical  represenia- 

It  should,  however,  be  recognized  that  because  tion  of  table  111-5. 


TABLE  Ul>4.  COMPARATIVE  SUMMARY  OF  AEROSOL  ATTENUATION  (dB/km)  EFFECTS 


r  — 

AotomI 

Optical 

Infrarad 
lO.a  pm 

400  GHx 
730  pm 

340  GHa 
660  pm 

220  GHx 
1.3  mm 

140  GHx 
2.1  mm 

100  GHx 
3  mm 

38  GHx 
8,6  mm 

Fog 

T  •'  IOC 
V^.100m 

W  -  0,3  »/m* 

-v,204 

-^200 

M 

‘'-3.6 

3 

2.25 

1.4 

-M).! 

Vehicular 

dual 

Largt 

(L) 

Slfnillcant 

(S) 

Ntgllslblt 

<N) 

N 

N 

N 

N 

N 

Rain 

10  mm/hr 

S.2 

'n-5.2 

7.4 

7.8 

8.3 

8.7 

8.7 

2.6 

Snow 

10  mm/hr 
(H,0) 

>>3.2 

»S.2 

'VS.?  dry 
‘^7.4  w«t 

~3.9dry 
3(7.6  wat 

’'4.1  dry 
3(8.3  w«l 

'V4.4  dry 
3(8.7  w«l 

''<4,4  dry 
3(8.7  v/tl 

''<1,3  dry 
3(2.6  wat 

TABLE  lll-B.  ATTENUATION  (dB/km)  DUE  TO  LIQUID  WATER  IN  A  RADIATION  FOG  Al  M  C 


V 

W 

Wavalangth 

(m) 

(g/m*) 

320  pm 

345  pm 

450  pm 

490  pm 

620  pm 

650  pm 

720  pm 

880  pm 

1,3  mm 

2.3  mm  3.19  mm  8,57  mm 

1000 

0.0032 

0.126 

0.125 

0.109 

0.102 

0.080 

0.077 

0.075 

0.062 

0.039 

0.018 

0,011 

0.001 

900 

0,0038 

0.152 

0.148 

0.129 

0.122 

0.095 

0.091 

0,080 

0.074 

0,047 

0.022 

0,013 

0.002 

800 

0.0045 

0.180 

0.175 

0.153 

0.144 

0.113 

0.108 

0.100 

0.088 

0.055 

0.026 

0,015 

0.002 

700 

O.OOS6 

0.224 

0.218 

0.190 

0,179 

0.140 

0.134 

0.130 

0.109 

0,069 

0.032 

0.020 

0.002 

600 

0.0071 

0.284 

0.277 

0.241 

0.227 

0.178 

0.170 

0.170 

0.138 

0.090 

0.040 

0.025 

0.003 

500 

0.0094 

0.376 

0.367 

0.320 

0.301 

0.235 

0.226 

0.220 

0.183 

0.120 

0.054 

0.033 

0.004 

400 

0.013 

0.520 

0.507 

0.442 

0.416 

0.325 

0.312 

0.300 

0.250 

0,160 

0.074 

0.046 

0.005 

300 

0.020 

0.500 

0.760 

0.680 

0.640 

0.500 

0.480 

0,470 

0.390 

0.246 

0.11 

0.070 

0.008 

200 

0.035 

1.52 

1.482 

1.292 

1.216 

0.950 

0.912 

0.893 

0,741 

0.467 

0.22 

0.13 

0,015 

100 

0.111 

4.44 

4.329 

3.774 

3.552 

2.775 

2.660 

2.61 

2.16 

1.36 

0.63 

0.39 

0.047 

90 

0.131 

5.24 

5,109 

4.454 

4.192 

3.27S 

3.140 

3.08 

2.55 

1.61 

0.75 

0.46 

0.056 

SO 

0.157 

6.28 

6.123 

5.34 

5.02 

3.92 

3.770 

3,69 

3.06 

1.93 

0.89 

0.55 

0.067 

70 

0,193 

7,'/2 

7.53 

6.S6 

6.18 

4.80 

4.60 

4.54 

3,76 

2,37 

1.10 

0.68 

0.082 

60 

0.244 

9,8 

9,5 

5.3 

7.81 

6.10 

5.80 

5.73 

4.76 

3.00 

1,39 

0.85 

0.104 

50 

0.323 

12.9 

12.6 

11.0 

10,3 

8.08 

7.75 

7.60 

6.30 

3.97 

1.84 

1..3 

0,137 

40 

0.456 

18.2 

17,8 

15.5 

14.6 

11.4 

10.9 

10.70 

8.89 

5.61 

2.59 

1.60 

0,194 

30 

0,710 

27.7 

24.1 

22.7 

17,8 

17.0 

16.70 

13.8 

8.73 

4.05 

2.49 

0.302 
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CHAPTER  IV.— ADDITIONAL  METEOROLOGICAL  INFORMATION 
by  SUunky  M.  Kulp«  and  Edward  A.  Brown 


Prom  the  previoui  chapter*  it  fhould  be  clear 
that  the  utility  of  near-millimeter  technology 
depend*  very  *trongly  on  the  varioui  weather 
parameter*.  Though  a  significant  amount  of 
meteorological  data  i*  provided  in  Chapters  I 
through  111,  it  is  appropriate  to  provide  some  ad¬ 
ditional  iitformation.  The  following  tables 
should  prove  useful  to  the  reader  in  discussions 
and  calculations  of  NMMW  propagation  char¬ 
acteristics.  In  addition,  for  those  who  wish  to  ex¬ 
plore  more  thoroughly  the  meteorological/ 
climatological  aspects,  a  Selected  Bibliography  is 
included  for  Chapter  IV  (p.81). 


TABU  IV-4.  REPRESENTATIVE  ABSOLUTE 
HUMTOITY  LEVELS 


Enviromntnt 

Abfolute  humidity  (i/m*) 

Tropics! 

19 

Mlc^titude  lummer 

14 

MldlsUhide  winter 

3.S 

SubsKllc  lummcr 

9.1 

Subarctic  winter 

1.2 

R,  A.  McClatchty,  Optical  Proparflat  of  tht  Almotphtre 
(RavlutO,  U.S,  Air  Foret  Cambri^t  Rtuarch  Laboratorltt, 
AFCRL-71‘0279  (May  1971). 


TABLE  IV.2.  SEA-LEVEL  TEMPERATURE  DEPENDENCE  OF  WATER  VAPOR 

CONCENTRATION 


S 

Temperature  (C) 

Water  vapor  concentration  (g/m*) 

50  percent  relative  humidity 

lOO  percent  relative  humidity 

-20 

0.51 

1.0 

-15 

0.79 

1.5 

■10 

1.1 

2.1 

-5 

1.6 

3.0 

0 

2.3 

4.3 

5 

3.2 

6.2 

10 

4.4 

8.9 

15 

6.0 

12. 

20 

8.0 

16. 

25 

11. 

22. 

30 

16. 

30. 

TABLE  IV^.  HAZE  AND  FOG  CHARACTERISTICS 


PuMMter  Hut  RadUtlon  fog  A(?.vactlon  fog 


Drop  diameter 
rdnge,  pm 

0,01  -  3 

5-35 

7-65 

Typical  drop 
concentration, 
per  m’ 

10X10* 

200X10* 

40X10* 

Typical  maximum 
water  content, 
g/m* 

— 

1 

0,4 

Water  content 
for  200  m 
vifibility,  g/m* 

- 

0.04 

0,18 

Vialbility  at 

0.1  g/m*,  m 

110 

280 

V.  FV.  Richard,  /.  E,  Kammerer,  and  R.  C,  Reitz,  140  GHz  Attenuation  and  Optical  Viaihility 
Measurements  of  Fog,  Rain  and  Snow,  Ballistic  Research  Laboratories,  ARBRf,-MR~2800  (December 
1977), 


TABLE  IV-4.  STAr4DARD  VISIBILITY 
CONDITIONS  (IntertwtloiMi  Vltibility  Code) 


Condidoni 

Visibility 

Dense  fog 

<50  m 

Thick  fog 

50  -  200 

Moderate  fog 

200  -  500 

Light  fog 

500  - 1000  m 

Thin  fog 

1  -  2  Itm 

Haze 

2-4 

Light  haze 

4-10 

Clear 

10  -  20 

Very  clear 

20-50 

Exceptionally  clear 

>50  km 
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TABLE  IV-S.  DROPLET  SIZES  AlND  DENSITIES  FOR  RAIN 


Light 

(r  ■>  1  mm/hr) 

Moderate 
(r  4  nun/hr) 

Heavy 

(r  »  25  mm/hr) 

Cloudburet 
(r  ■■  100  mm/hr) 

Size  range  Oim) 

7-100 

10-300 

10-500 

50  -  700 

Droplet  deniity  (m~’) 

3S0 

500 

700 

1,25C 

Water  density  (g/m*) 

0.04 

0.17 

1.0 

4..: 

R.  G.  Shackleford  and  J.  /.  Gallagher,  Millimeter  Wave  Beainrider  System,  U.S.  Army  Missile 
Research  and  Development  Command,  TE-CR-77-7  (August  1977). 


TAOLE  IV-«.  PROPERTIES  OF  STANDARD  CLOUD  MODELS 


Name 

Base 

(m) 

Top 

(m) 

Density 

(g/m‘) 

Mode  radius 

ipm) 

Comp. 

Cirroitrakui,  arctic,  12-18  kft 

4000. 

6000. 

0,10 

40.0 

Icc 

CIrroatiatttt,  mid-lat.,  15-21  kit 

5000. 

7000. 

0.10 

40.0 

Ice 

Cirroetratus,  tropical,  18-24  kft 

6000. 

8000. 

C.IC 

40.0 

ke 

Altocumulus  8000-9650  ft 

2400. 

2900. 

0.15 

10.0 

Water 

Altostratus  8000-9650  ft 

2400. 

2900. 

0.15 

10.0 

Water 

Low-iying  stratus  500-2000  ft 

ISO. 

650. 

0.25 

10.0 

Water 

Low-lying  stratus  1500-3000  ft 

500. 

1000. 

0.25 

10.0 

Water 

Fog  layer,  ground  to  150  ft 

0. 

50. 

0.15 

20.0 

Water 

Haze,  heavy 

0. 

1500. 

10-* 

0.05 

Water 

Drlzzlr,  0.2  mm/hr 

0. 

500. 

1.00 

20.0 

Rain 

500. 

1000, 

I.X) 

10.0 

Water 

lOfO. 

1500. 

1.00 

10.0 

Water 

Steady  rain,  3  mm/hr 

0. 

150. 

0.20 

200.0 

Rain 

150. 

500, 

1.00 

10.0 

Water 

500. 

1000. 

2.00 

10.0 

Water 

1000. 

1500. 

1.00 

10,0 

Water 
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TABLE  IV-4.  PROPERTIES  OF  STANDARD  CLOUD  MODELS  (Cant'd) 


Nimt 

BaM 

(m) 

Top 

<m) 

Dcnaity 

(g/in*) 

Mode  radius 

Comp. 

Steady  rain,  15  min/hr 

0. 

300. 

1.00 

200. 

Rain 

300. 

1000. 

2.00 

10.0 

Water 

1000. 

2000. 

3.00 

10.0 

Water 

2000. 

4000. 

2.00 

10.0 

Water 

Stratocumulut  1000-2000  ft 

330. 

660. 

0.25 

10.0 

Water 

Stratocumulus  2000-4000  ft 

660. 

1320. 

0.25 

10.0 

Water 

Fair  weather  cu.  1500-6000  ft 

500. 

1000. 

0.50 

10.0 

Water 

1000. 

1500. 

1.00 

10.0 

Water 

1500. 

2000. 

0.50 

10.0 

Water 

Cumului  with  rain  2.4  mm/hr 

0. 

COO. 

0.10 

400. 

Rain 

500; 

1000. 

1.00 

20.0 

Water 

1000. 

3000. 

2.00 

10.0 

Water 

Cumului  with  rain  12  mm/hr 

0. 

400. 

0.50 

400. 

Rain 

400, 

1000. 

2.00 

20.0 

Water 

1000. 

4000. 

4.00 

10.0 

Water 

Cumulua  congestufl,  3000- 

1000. 

1200. 

0.30 

10.0 

Water 

9000  ft 

1200. 

1600. 

0.50 

15.0 

Water 

1600. 

2000. 

0.80 

20.0 

Water 

2000. 

2500. 

1.00 

20.0 

Water 

2500. 

3000. 

0,50 

20,0 

Water 

Cumuionimbus  with  rain 

0. 

300. 

6.30 

400. 

Rain 

150  mm/hr 

300. 

1000. 

7.00 

20.0 

V/ater 

lOOO. 

4000. 

8.00 

10.0 

V/ater 

4000. 

6000. 

4.00 

10,0 

Water 

6000. 

8000. 

3.00 

10.0 

Water 

8000. 

10,000. 

0.20 

40.0 

Ice 

W.  E.  Gaut  and  E.  C.  Reifenstiin,  III,  Interaction  Model  of  Microwave  Energy  and  Atmospheric 
Variables,  NASA  Report  CR-61348  i20  April  1971),  AD  N71-25079. 
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CHAPTER  V. -PROPAGATION  IN  SMOKE  AND  CHAFF 


by  Dominick  A.  GlgUo 


Since  this  chapter  contains  classified  information,  it  will  be  published  as  part  of  volume  IV  of  this 
report. 
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VI-1.  INTRODUCTION 


The  NMMW  radiative  properties  of  tar¬ 
gets  and  of  the  backgrounds  with  which  they 
may  be  associated  are  fundamental  data  required 
to  begin  the  assessment  of  the  probable  perform¬ 
ance  of  a  large  number  of  applications  of 
NMMW  systems.  In  the  fallowing  sections,  the 
definitions  and  nomenclature  used  as  data  de¬ 
scriptors  are  explained  and  the  available  data  for 
discrete  targets  and  extended  backgrounds  are 
tabulated  and  described.  Where  data  are  insuffi¬ 
cient,  the  trends  of  data  as  a  function  of  frequen¬ 
cy  from  adjacent  bands  are  described.  In  all  cases 
for  this  spectral  region,  it  has  been  necessary  to 
draw  conclusions  by  extrapolation  from  other 
frequency  regions  or  by  modeling. 

A  large  part  of  this  chapter  contains 
information  and  extensive  excerpts  from  a  report 
of  the  Environmental  Research  Institute  of 
Michigan.' 


VI-2.  DEFINITIONS,  NOMENCLATURE, 
AND  BASIC  RELATIONS 

VI-2.1  Definition  of  Incident  and 
Scattering  Angles 

The  incident  and  scattering  angles 
are  shown  schematically  in  figure  VI-1.  The 
radar  transmitter  is  located  at  P  above  the  XY 
plane  representing  the  plane  of  local  terrain.  The 
angle  of  Incidence,  is  the  polar  angle  from  ver¬ 
tical  at  the  illuminated  area  to  the  line  of  propa¬ 
gation  of  transmitted  power.  The  grazing  angle  is 
the  angle  of  elevation,  flg,  of  the  radar  from  the 
horizontal  plane  with  apex  at  the  illuminated 
area.  The  depression  angle,  Od'  equal  to  the 
grazing  angle  for  a  flat  earth  approximation  and 
is  the  angle  from  the  horizontal  plane  to  the  line 

Maniw/i.  insf^fufir  of  Mfehigon. 
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of  propagation,  with  apex  at  the  transmitter.  The 
polar  angle  of  scattering,  Os,  is  the  angle  between 
vertical  at  the  illuminated  area  to  the  line  of 
propagation  to  the  receiver  with  apex  at  the  il¬ 
luminated  area. 


z 


X 


Sj  »•  anglt  of  Inckitnci 
S,  •  polar  ui(li  at  K«tttrlng 
4,  “  iilmutlul  ansW  ol  Kiltcrini 
siulng  aniib 
Sj  ••  dtpitwlon  ingle 
P  >  Irinimlttei  poiltlon 
Q  -  receiver  pMiUon 

Figure  VI-1.  Definition  of  angles. 

The  azimuth  of  scattering,  ij>5,  is 
the  angle  in  the  XY  plane  between  the  specu'ar 
reflection  direction  and  the  direction  to  the 
receiver  with  apex  at  the  illuminated  area,  The 
monostatic  condition  is  obtained  when  Oi  —  63, 
and  4s  ”  180  deg. 

VI-2.2  Defining  Relations  for  Radar 
Cross  Sections 


The  radar  cro.ss  section,  a,  of  a 
target  fully  illuminated  by  a  radar  operating  in 
the  monostatic  mode  is  defined  by  the  relation 


PtGoA,T‘(r) 

(4n)^r^ 


(1) 
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where 


Pj.  —  received  power, 

Pi  ■■  transmitted  power, 

G  ~  transmitter  antenna  gain  relative  to 
an  isotropic  source, 

Af  ■■  effective  receiver  antenna  aperture 
area, 

r  range  from  radar  to  target,  and 

T(r)  ■■  transmittance  of  the  separating 
medium  over  a  range,  r. 

If  r)  is  tlie  attenuation  of  the  at¬ 
mosphere  in  decibels/kilomcter,  then  the  trans¬ 
mittance  is  given  by 

t(r)  -  lo“(io ‘  iw)  ,  (7.) 

with  r  in  meters. 

The  cross  section  of  a  fully  illumi¬ 
nated,  perfectly  reflecting  sphere,  whose  radius, 
tg,  is  much  greater  than  a  wavelength,  k,  is  Tir|, 
Such  spheres  can  be  used  for  field  experiment 
calibration  standards.  The  radar  cross  section  for 
more  complex  shapes  can  be  expressed  as 

0  -  oG'A  ,  (3) 

where  q  -  reflectivity  of  target  surface  material, 
A  “  the  proiected  area  of  the  target,  and 

G'  -  the  gain  of  the  target  relative  to  an 
isotropic  scatterer. 

The  three  factors  in  relation  (3) 
separate  the  influence  of  material  properties, 
geometrical  shape,  and  size.  The  target  gain,  G', 
may  be  approximated  by 


where  Aj.  Is  the  target  area  of  coherent  reflection. 


A  target  which  is  smooth  relative 
to  the  wavelength  will  exhibit  an  increasing  gain 
for  decreasing  wavelength.  For  most  targets,  a 
wavelength  limit  will  be  found  for  which  the 
target  appears  rough  and  scatters  incoherently  so 
that  target  gain  will  not  increase  with  further 
decreasing  wavelength. 

Two  radar  cross  sections— Oq,  the 
cross  section  per  unit  illuminated  area,  and  y, 
the  cross  section  per  unit  projected  illuminated 
area— are  defined  for  terrain.  These  cross  sec¬ 
tions  are  defined  by  the  relations 

P,Go„A,A,T^(r) 

Pr - 

and 

P|Gy  CO*  BiAjAft^tr) 


where  Aj  is  the  area  of  terrain  Illuminated  by  the 
radar  pulse.  Both  op  and  y  are  cross  sections  per 
unit  area  and  are  dimensionless  quantities.  The 
area,  Aj,  increases  as  the  square  of  the  range,, 
resulting  in  an  inverse  square  law  for  received 
power. 

VI-2,3  Cross-Section  Statistics 

Terrestrial  crosi  sections,  Op  and 
Y,  are  often  specified  by  average  values.  The  scat¬ 
tering  of  coherent  radiation  from  random  scat¬ 
tering  centers  adds  vtctorially  at  random  at  the 
receiver  Jc  that  a  statistical  variation  in  received 
signals  may  be  expected.  According  to  Long,' 
one  m.ay  assume  that  land  and  sea  scattering  is 
Rayleigh  distributed  as  a  first  approximation; 
hovi'aver,  field  experiments  in  the  microwave 
range  result  in  a  distribution  between  Rayleigh 
and  log  normal.  The  Rayleigh  distribution  densi¬ 
ty,  p(oo)-  Siven  by 

'M.  W.  Long,  Radar  Rtfltclluily  oj  Lmiil  ami  3m,  Lajciiiglon  BooVi, 
MA  (2975) 
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randomly  polarized.  Randomly  polarized  radia¬ 
tion  will  be  specified  by  the  letter  R. 


where  Oq  is  the  mean  value  of  the  point-by-point 
measured  Oq  values.  One  may  deduce  that  50 
percent  of  Oq  values  v<ill  fall  in  a  range  from 
S.4  dB  below  Og  to  1,43  dB  above  Og  for  the 
Rayleigh  distribution. 

In  the  case  of  NMM  wavelengths, 
one  may  anticipate  conditions  where  a  target, 
such  as  a  vehicle,  will  not  be  fully  illuminated  by 
the  radar  beam.  The  illuminated  area,  Aj,  of  the 
target  may  not  be  known  so  that  neither  a  nor  Oq 
is  a  convenient  cross-section  descriptor. 
However,  y  is  the  cross  section  per  unit  projected 
Illuminated  area,  Ai  cos  Oj.  The  projected  il- 
luntinated  area  should  be  approximately  the  area 
of  the  radar  beam  normal  to  the  direction  of 
propagation  within  the  half-power  contour  of 
the  range  of  the  target,  Consequently,  the  radar 
cross  section  of  illuminated  regions  of  a  partly  il¬ 
luminated  target  can  be  described  conveniently 
by  y.  Reports  of  the  statistical  distribution  of  y 
for  NMM  waves  for  artifacts  have  not  been 
found. 

VI~2.4  Polarization  Nomenclature 


VI-2.5  Bistatic  Radar  Cross  Sections 

NMMW  cw  designators  used  in 
guidance  systems  may  operate  in  the  bistatic 
mode.  The  extension  of  the  defining  relations  for 
o  and  Og  for  the  bistatic  mode  is  straightforward. 
For  the  fully  illuminated  target,  relation  (1) 
becomes 

PtGoA,T(rt)T(rf) 

"  (4n)>rirJ 

where  rt  —  range  from  transmitter  to  target,  and 
rr  “  range  from  receiver  to  target. 
Relation  (5)  becomes 

P  -  PtQ>oA|Arr(ft)T(rt)  ,,, 

The  cross  sections  o  and  Og  must 
be  qualified  by  the  specification  of  the  angles  6j, 
6g,  and  as  well  as  by  the  transmitted  and  re¬ 
ceived  polarizations, 


Radar  cross  section  also  depends 
upon  the  polarization  of  transmitted  and  re¬ 
ceived  radiation.  The  commonly  used  designa¬ 
tions,  H  and  V  for  polarization,  are  used  in  this 
report.  Horizontally  polarized  radiation,  H,  is 
that  portion  of  the  radiation  for  which  the  elec¬ 
tric  held  vector  is  parallel  to  the  horizontal 
reference  plane  (the  XY  plane  in  fig.  VI-1).  Ver¬ 
tically  polarized  radiation,  V,  is  that  portion  of 
the  radiation  for  which  the  electric  field  vector  is 
orthogonal  to  the  horizontally  polarized  field 
and  orthogonal  to  the  direction  of  propagation. 
Circularly  polarized  radiation  is  designated  by 
the  letter  C.  Cross- section  values  are  qualified  by 
letter  pairs— such  as  HH,  VH,  HV,  or 
V\'— where  the  first  letter  specifies  the  polariza¬ 
tion  of  the  transmitted  radiation  and  the  second 
letter  specifks  the  polarization  of  received  radia¬ 
tion.  The  thermal  emission  of  radiation  is  often 


VI-2,  ii  Relationship  between  Radar  and 

Electro-Optical  Descriptors 

The  paucity  of  published  data  on 
the  electromagnetic  properties  of  materials  in  the 
NMMW  spectral  range  may  require  intcipola- 
tion  between  infrared  and  microwave  properties. 
The  nomenclature  used  in  the  infrared  spectral 
range  implies  that  measurements  are  done  on 
plane  sections  of  material,  the  dimensions  of 
which  are  large  compared  to  a  wavelength,  and 
that  cw  random  polarization  and  bistatic  condi- 
aons  are  used  unless  otherwise  specified. 

Bidirectional  reflectance,  o',  is 

defined  by 

P(G6'co»fljCosBjAjAy'r(r()T(rf) 


Equations  (9)  and  (10)  yield  the  relationship  be¬ 
tween  bistatic  Oq  and  a'  as 

<•(,  •  4ne’  cot  fli  cot  01  .  (11) 

Data  may  be  specified  as  reflectance  relative  to 
the  reflectance  of  the  ideal  diffusely  reflecting 
Lambertian  panel;  that  is,  the  equivalent  reflec¬ 
tance  of  a  Lambertian  panel  which  would  result 
in  the  same  received  powrer,  so  that, 

Srtl  “  ««'  -  (1*) 

and 

®o  “  *«Tt\  fli  cot  0,  ,  (13) 

where  Qrel  is  the  relative  bidirectional  reflectance 
or  equivalent  Lambertian  reflectance. 

A  related  reflectance  is  most  often 
reported  in  the  literature  for  diffusely  reflecting 
materials.  This  reflectance- -the  directional 
hemispherical  reflectance,  or  more  commonly 
diffuse  reflectance,  and  sometimes  just  reflec¬ 
tance  (without  modifiers)— is  related  to  the  bi¬ 
directional  reflectance  by  integration  over  all 
scattering  angles, 

«dh  “  +,)cOi0,tln0,d0,df,  ,  (14) 

where  9)  is  tacitly  some  angle  about  5  to  IS  deg 
from  sample  normal  and  Qdh  is  the  directional 
hemispherical  reflectance. 

If  q'  varies  only  slightly  with  6^ 

and  4s>  then 

«dh  "a'!®!)  ' 

where  q'(0))  is  the  mean  value  of  c'  for  all 
angdes  of  scattering  for  incident  angle  0]. 

Specular  reflectance  for  smooth 
material,  espec>  Is  defined  as  the  ratio  of  flux 
reflecting  at  the  specular  angle  to  the  flux  inci¬ 


dent.  Rayleigh's  criterion  for  specularity  of  a  sur¬ 
face  is 

Ahrmi  CO*  9)  <  A/8  ,  (16) 

where  is  the  root  mean  square  random 

deviation  of  a  surface  from  a  plane  section. 

For  a  perfectly  smooth  reflecting  surface, 

fiipec-edh  . 

VI~2.7  Radiometric  Relations 

The  rate  of  conversion  of  heat 
energy  into  radiant  energy  in  the  NMMW  range 
is  proportional  to  the  absolute  temperature  of  the 
emitter.  A  blackbody  surface  is  an  ideal  thermal 
emitter,  which  converts  heat  energy  into  radiant 
energy  at  the  maximum  rate  allowed  by  thermo¬ 
dynamic  laws.  The  radiated  flux  per  unit  fre¬ 
quency  interval  emitted  from  a  blackbody  is 

-  —  ,  (18) 

A* 

where  My  the  spectral  flux  density  emitted, 

T  «  absolute  surface  temperature,  and 

A  •*;  wavelength  at  the  band  center. 

Any  real  material  einitp  with  less  efficiency  than 
the  ideal  blackbody.  The  ratio  of  real  body  emis¬ 
sion  tc  blackbody  emission  at  a  specified  wave¬ 
length  is  the  spectral  emissivity  e(k)  of  the  real 
material.  The  emissivity  in  a  specified  direction, 
9ci  from  surface  normal  for  opaque  materiul  is 
given  by  Kirchoff's  laws 


.(A, Be)  -  1  -  trrth  («1  “ 

If  CdhfV)  8*  Bdhff^)'  emission  will  not  be 
completely  randomly  polarized. 


For  a  nonscattering  gas,  the  emis- 
sivity  of  a  layer  of  gas  depends  upon  the  trans¬ 
mittance  through  the  layer. 

t(A)  -  1  -  T(i)  .  (20) 


Since  the  thermal  emission  of  a 
material  in  the  NMMW  range  is  proportional  to 
the  absolute  temperature  of  the  material,  a  com¬ 
mon  practice  is  to  use  the  temperature  as  a 
descriptor  of  flux  density.  In  addition,  the  mean- 
square  noise  current  fluctuation  in  electrical  cir¬ 
cuits  is  also  proportional  to  the  absolute 
temperature  of  the  circuit  components,  so  that 
the  temperature  is  a  substitute  descriptor  for  cir¬ 
cuit  noise  power.  In  this  way,  an  antenna 
temperature  of  T'K  means  that  the  feed  line  at 
the  antenna  is  receiving  noise  power  equivalent 
to  that  of  a  purely  resistive  load  at  temperature 
T°K.  Such  noise  power  may  come  from  a  com¬ 
bination  of  received  flux  and  from  local  antenna 
circuit  elements. 


VI-3.  DISCRETE  TARGETS  DATA 

VI-3.1  Tactical  Targets 

In  general,  the  data  base  for 
discrete  tactical  targets  is  not  extensive,  for 
NMMW  frequencies.  Until  the  last  tew  years, 
there  have  been  few  systems  operating  near 
95  GHz;  consequently,  there  have  been  few 
measurements.  Recently,  there  has  been  in¬ 
creased  emphasis  on  the  9S-GHz  window,  and 
more  measurements  are  being  made.  Hughes  Air¬ 
craft  Company  and  the  Environmental  Research 
Institute  of  Michigan  (ERIM)'  have  been  making 
95-GHz  measurements  from  the  ground  and 
from  the  air.  * 


7.  R.  Miuuxll,  Envfronmtnliil  Rtiijrch  Intlllult  of  Mlchlgmi, 
ERIM  WS00-2-L  (18  Naumbtr  1716).  (CONFIDESTIAL) 
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Cuirl*  tl  at  at  tiu  Gtargla  Inilllulu  of  Tithnology. 


In  a  recent  paper,  Johnston'  inves¬ 
tigated  the  availability  of  radar  data  in'  the 
NMMW  region.  He  found  no  full-scale  radar 
measurements  between  140  GHz  and  10  pm. 

The  millimeter  wave  data  which 
have  been  found  in  the  present  literature  search 
are  all  for  the  monostatic  mode  and  primarily  for 
frequencies  of  94  GHz  and  below.  These  data 
allow  estimation  of  NMMW  cross  sections  by  ex¬ 
trapolation.  The  polarization  for  most  available 
data  is  either  horizontal  or  vertical,  although 
some  of  the  measuremertts  by  Hughes  were  made 
with  circular  polarization. 

Hughes^  reported  measurements 
at  94  GHz  with  three  military  vehicles  as  targets. 
The  measurements  are  summarized  in  table  VI -1. 
The  three  target  vehicles  presented  similar  in¬ 
tercept  areas  to  the  Illuminating  radar  beam.  As 
is  usual  for  metallic  objects,  their  effective  radar 
scattering  areas  are  larger  than  their  intercept 
areas.  Both  the  truck  and  the  personnel  carrier 
have  some  flat  surfaces  and  some  perpendicular 
intersections  of  surfaces  that  retlect  strongly 
toward  the  illuminating  radar.  The  lank  surfaces 
are  nearly  all  curved,  so  that  reflection  fronr  the 
tank  is  more  nearly  isotropic,  This  probably  ac¬ 
counts  for  the  lower  peak  and  lower  mean  values 
for  the  tank. 

The  measured  peak  scattering 
areas  at  94  GHz  are  not  significantly  larger  than 
is  commonly  found  at  X-band.  Specularly 
reflecting  plane  surfaces,  dihedrals,  and  cornejs 
would  be  expected  to  exhibit  gains  of  about  100 
times  larger  aj  94  GHz  than  at  9,4  GHz,  if  they 
remained  fully  specular  and  diffraction  limited  at 
the  higher  frequency.  Since  the  measurements 
show  no  appreciable  increase  of  target  gains  with 
frequency,  the  reflecting  surfaces  can  be  assumed 
to  be  too  rough  and  too  inaccurately  aligned  to 


*S.  L  fohmofi,  SulfMlIUmttcr  Wave  Hadar  Technoio,^y  (U),  22rtd 
Annuai  Tri-Service  Radar  SyntpoMium.  Colorado  Springs,  CO  (6-5 
July  1976).  (CONPlDUNTfAU 
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remain  specular  and  diffraction  limited  at  the 
higher  frequency.  Measurements  made  by  the 
BaUlstic  Research  Laboratories  (BRL)‘  at  94  GHz 
show  effective  scattering  areas  as  a  function  of 
target  aspect  angle.  Large  effective  areas  were 
found  at  b/oadside  aspects.  Measurements  that 
avoided  aspects  associated  with  these  large 
values  show  scattering  areas  about  equal  to  the 
projected  areas  of  these  targets,  or  slightly  less. 
This  characteristic  variation  with  aspect  angle 
should  be  present  at  higher  frequencies. 

Near-monostati .  measurements 
by  Redstone  Arsenal*  at  95  GHz  were  miide  on 
several  types  of  military  vehicles.  The  natirow  il¬ 
luminating  beam  was  scanned  across  the  vehicle 
and  background  terrain.  Histograms  of  signal 
values  from  an  M-48  tank  are  shown  in  figures 
VI-2(a)  and  (b).  A  2-ln.  diameter  gold-plated 
sphere  was  used  as  a  reference.  The  large  narrow 


‘K.  A.  Rtehtr,  D,  G.  Bnutflt,  and  /.  E.  Knox,  94  GHi  Radar  Crow 
Stcllon  ot  VthIcUx  (U),  Balllilk  Rauarch  Lahoralorlii  BRL-MR-249I 
(lun»  lV7Si,  AD  C002  505/..  (CONFIDENTIAL) 

*B,  D,  Cutmhjr,  Suhmillltnalar  Waoa  Rtuardii  liidtx  of  3,2  mm 
and  10.6  dm  /mag«  Dala  Tafitt,  U.S.  Amw  Mlullt  Rauarch  and 
DavalomnanI  Command  TR-77-2  (1  Fabruary  1977), 


peak  at  about  -50  dB  is  due  to  distant  terrain. 
The  wider  and  lower  peak  i?  due  to  the  tank  and 
foreground  terrain. 
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CROSS  SECTION/m‘‘2  (UD) 

Figure  VI-2(a).  Histogram  of  M-48  tank  and  surround¬ 
ing  terrain,  HH  pohrlzatlon. 


TABLE  VH.  OVERALL  SUMMARY  OF  TARGET  CROSS  SECTIONS-m*  at  M  GHi 


by  Beebe,  Saliman ,  at  al.Hughet  Aircraft  Company,  Missile  Systems  Croup  Report  MSC  6S075R 
(February  1976). 


Target 

1—  “ 

Extnme  value# 

Crufa-#cctlon  dliliibutlon 

Comment# 

Min  Max 

Mean  Median  80th  Standard 

(50%)  percentile  deviation 

2Vt  ton  truck 

1 

1 

15.2  1229. 

130,  80.  120.  116. 

25  Data  points; 

Dep  angle#: 

3  to  9  deg 

Relative  humidity i  70  to  81% 

Armored  penunnel 
carrier 

16.9  1546.  1 

1 

130.  40.  115.  113. 

45  Data  points: 

Dep  atrgles: 

3  to  6.5  deg 

Relative  humidity:  58  to  95% 

M-41  tank 

16.  116. 

64.  30.  60.  48. 

48  Data  pointa; 

Dep.  angles 

3  to  6,5  deg 

Relative  humidity:  48  to  81  %> 

94 
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Figure  VI«2(b).  Htitogram  of  M-48  Unk  Mid  lunound- 
Ing  terrain,  HV  pokrlutlon. 

The  scanned  data  were  level  sliced 
and  reconstituted  in  image  form.  Figures  VI-3(a) 
and  (b)  show  the  locations  of  the  scattering 
regions  at  signal  levels  relative  to  the  signal  level 
of  a  fully  illuminated  1-m’  cross  section  at  a 
14.6-m  range— the  approximate  range  of  the 
tank. 

There  are  additional  small 
amounts  of  classified  data  on  high-frequency 
measurements  of  military  targets  Such  informa¬ 
tion  will  be  found  in  Volume  IV  of  this  study. 

VI-3.2  Strategic  Targets 

No  report  of  NMMW  radar  cross 
sections  of  strategic  targets  was  found.  Cali¬ 
brated  scanned  images  of  reentry  vehicles  were 
made  by  Hughes  Research  Laboratories'  at 
94  GHz.  Analysis  of  the  data  has  not  been 
reported.  Strategic  targets— such  as  military 
ships,  supply  ships,  military  aircraft,  intercon- 

M  fldfr,  Millirtirfrr  and  Jnfrarud  Imagt  Scans  of  Rettitiy  Vehicle 
Tarjitfs,  Tcchtticuf  Report  Cahpufi  2391^,  Hughai  Rttentch 
Lahoratoriga  (Septtrrtber  1976). 


tinenta!  ballistic  missiles,  storage  tanks,  motor 
pools,  airports,  and  ammunition  dumps— may 
be  large  compared  to  radar  spatial  resolution. 
Some  strategic  targets  are  composites  of  many 
smaller  components  placed  in  some  character¬ 
istics  spatial  arrangement  so  that  the  geometrical 
shape  of  the  composite  is  often  the  key  to  their 
detection  rather  than  the  radar  cross  section  of 
the  composite. 

Calibrated  high  spatial  resolution 
Images  of  these  composites  are  suitable  for  esti¬ 
mating  system  performance  in  the  detection  and 
identification  of  strategic  targets  for  systems  hav¬ 
ing  less  spatial  resolution  than  that  of  the  image 
data.  Without  such  images,  one  must  estimate 
the  target  characteristics  by  mathematical  model¬ 
ing  of  the  radiative  properties  of  the  com¬ 
ponents. 


Expected  Radiometric  Contrast  be¬ 
tween  Large  Military  Ships  and  the  Sea.— The  fol¬ 
lowing  reasoning  is  illustrative  of  the  mathemati¬ 
cal  modeling  approach  for  estimating  the 
radiometric  contrasts  between  large  ships  and  the 
sea  for  a  nadir  view.  One  may  expect  that  the 
cmlsslvity,  s,  of  sea  water  viewed  at  normal  in¬ 
cidence  is  1  —  c  (sea),  where  the  reflectance  is 
given  by 


c(Ka)  a 


(S-5 


where  nr  is  the  real  part  of  the  index  of  refraction 
of  the  water. 


According  to  P.  S.  Ray,*  np  varies  as  shown  in 
table  VI-2.  The  reflectance  and  normal  emissivity 
are  calculated. 

According  to  the  Manual  of 
Remote  Sensing*  (166,  fig.  4-134),  the  emissivity 
for  normal  incidence  changes  only  very  slightly 
for  different  sea  states  (see  fig.  Vi-4).  The  emis¬ 
sivity  for  microwaves  (X-  and  K  -bands)  is  about 
0.47. 

•P.  S.  Kay.  Aiipliiid  Oylles,  val.  11,  no.  8  (August  iy?M, 

’Manual  Kumillf  Seming,  vol.  1,  American  Society  of  Photogram- 
mriry  tms). 
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FlguK  VI-3(b).  Lcvd-itliccd  itiutgtt  of  M48  tank  and  turroundtng  terrain  (livcl-illcing  Interval!  In  dB), 
(IV  polarization. 


TABLE  VI-J,  PROPERTIES  OF  SEA  WATER 


Wav«i«iigth 
k  (mm) 

Rssl  part  of 
Indmi  of 
of  refnetion 
"r 

Rtfluctanc* 

e 

EmUtivily 

c 

0.3 

2.3 

0.15 

0.85 

1.0 

2.7 

0.21 

0.79 

2.0 

3.9 

0.35 

0.65 

10.0 

5.9 

0.50 

0.50 

30.0 

8.6 

0.63 

0,37 

100.0 

9.0 

0.64 

0.36 

Figure  VI-4.  ThtortUcal  antenna  tempctahirt*  for  ica 
ftete  ai  funcUoiu  of  nadir  viewing  angle*  and  wind 
velocity. 

The  temperature  of  large  ships  at 
sea  results  from  the  natural  heat  exchange  be¬ 
tween  solar  radiation,  sky  radiation,  and  convec¬ 
tive  heat  transfer  with  the  air.  The  effect  of  water 
contact  is  only  secondary,  except  at  the  water 
line.  The  internal  heat  generated  and  exhaust 
stacks  are  insignificant  contributors.  Stacks  are 
small  compared  to  the  entire  projected  deck  area, 
and  contributions  of  such  hot  parts  are  only  in 
proportion  to  absolute  temperature  and  the  frac¬ 
tion  of  beam  fill. 

Naturally,  the  temperature  of 
deck  material  will  change  from  above  water  tem¬ 
perature  during  clear  days  to  below  water  tem¬ 
perature  at  night.  Under  overcast  conditions,  the 
day  to  night  temperature  variation  will  be  signifi¬ 


cantly  less.  Under  high  winds,  the  temperature  of 
the  ship  will  approach  air  temperature,  becoming 
slightly  greater  than  air  temperature  during  the 
day  and  slightly  lower  than  air  temperature  at 
ni^t. 

During  clear  sunlit  days  with  littlo 
wind,  the  deck  temperature  can  rise  as  much  as 
20  to  30  C  above  air  temperature.  On  clear  calm 
nights,  the  deck  temperature  could  oeach  the  dew 
point. 

The  large  heat  capacity  of  deck 
materials  will  make  the  surface  temperature  lag 
behind  the  maximum  thermal  income  by  2  to  3 
hours.  A  corresponding  delay  in  cooling  off  can 
be  expected  after  sundown.  The  lowest 
temperature  should  be  reached  just  before  dawn. 
One  may  normally  expect  ship  deck  temperature 
and  sea  temperature  to  be  equal  twice  equal  day. 

The  emisaivity  of  painted  deck 
material  is  not  known  for  the  NMMW  region.  At 
25  pm,  E  0.90  and  at  X-band,  £  0.01.  Ob¬ 

viously,  the  contrast  between  ship  and  sea  will 
depend  upon  this  value.  If  the  emissivity  at  1  mm 
is  still  very  small,  then  ship  temperature  will  be 
inconsequential  in  the  signature.  One  should 
assume  that  e  is  very  small  for  wavelengths  as 
short  as  1  mm  until  proven  otherwise.  The  reflec¬ 
tance  can  be  greatly  affected  by  paint  cover  when 
the  "optical"  thickness  of  the  paint  approaches 
A/4.  Assuming  ny  of  paint  of  1.5  and  paint 
thickness  of  0.2  mm  (thick  coating),  one  could 
achieve  A/4  conditions  at  1.2  mm.  Absorption 
bands  in  the  paint  could  appear,  however. 

One  can  see  from  table  VI-2  that 
the  emissivity  of  the  sea  will  increase  with  de¬ 
creasing  wavelengths.  If  the  emissivity  of  the 
ship  is  much  smaller,  as  assumed,  then  the  con¬ 
trast  will  be  due  entirely  to  metallic  reflection  of 
sky  radiation  from  the  ship  and  the  combined 
thermal  emission  and  sky  reflectance  from  the 
sea.  Contrast  should  increase  substantially.  On 
the  other  hand,  an  estimation  of  the  reflectance 
of  painted  steel  is  made  in  section  VI-5.2.  It  is 
evident  that  significant  spectral  variation  in  the 
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emiMivity  of  painted  ittcl  could  occur  in  the 
NMMW  range  due  only  to  the  Debye  relaxation 
effect  in  dielectrics.  Such  variations  could  make 
the  difference  between  a  successful  application 
and  an  unsuccessful  one. 

Large  Aircraft  and  Ballistic 
Missiles  .—In  lieu  of  measured  data  on  large 
aircraft  and  ballistic  missiles  in  the  NMMW 
range,  one  must  resort  to  simple  mathematical 
modeling  of  components  for  estimating 
radiometiic  properties.  Just  as  for  ships  at  sea, 
the  emissivity  of  the  exposed  materials  of  aircraft 
and  missiles  is  the  central  issue  in  radiometry. 
Tl'.s  expected  metal  coating  is  either  paint  or  an 
anodization  of  the  metal.  The  spectral  properties 
of  anodization  coatings  are  completely  unknown 
in  the  NMMW  range,  One  may  surmise  that  the 
effects  might  be  negligible  until  proven  other¬ 
wise.  However,  a  trend  towards  the  use  of 
nonmetallic  substrates— such  as  graphite- 
epoxy— adds  further  complications  to  estima¬ 
tions,  since  the  electromagnetic  properties  of 
graphite-epoxy  materials  are  also  ui^nown  in 
this  spectral  range.  If  the  coating  is  transparent, 
then  the  properties  of  the  substrate  will  govern 
the  radiative  properties  of  the  vehicle. 

Atmospheric  emissions  caused  by 
high-altitude  vehicles  may  occur  in  two  ways. 

(1)  The  exhaust  plume  may  emit 
thermally  or  absorb  radiation  due  to  transient 
chemical  species, 

(2)  Exhaust  products  may  cause 
catalytic  reactions  with  in  situ  photochemically 
excited  gases,  yielding  larger  emissions  than 
would  be  expected  from  the  same  concentration 
of  simple  Planckian  thermal  radiators.  The  re¬ 
cent  concern  with  Freon  gas  catalytic  reactions 
with  ozone  indicates  that  the  understanding  of 
such  processes  in  the  upper  atmosphere  is  far 
from  complete.  For  such  a  complex  environment, 
neither  mathematical  modeling  nor  laboratory 
experiments  are  likely  to  lead  to  convincing 
results.  There  appears  to  be  no  other  recourse 
than  to  make  hlgh-altitude  measurements  to  ac¬ 
quire  data. 


VI-4.  DATA  ON  BACKGROUNDS 

VI-4.1  Terrain 

Two  basic  types  of  measurements 
have  been  used  to  determine  the  radar  scattering 
properties  of  terrain.  One  type  consists  of  mea¬ 
surements  from  an  airborne  platfomt  where  data 
from  a  wide  variety  of  different  terrains  are 
recorded;  the  frequencies  for  most  of  these  data 
are  less  than  10  GHz.  The  other  type  consists  of 
grourtd  and  laboratory  measurements  where  a 
significant  amount  of  data  have  been  collected  at 
35  GHz,  with  some  data  at  94  and  140  GHz.* 
Modeling  Is  employing  to  estimate  terrain  Oq  up 
to  300  GHz.  The  interpolation  of  low-frequency 
data  to  higher  frequencies  can  be  seriously  in  er¬ 
ror  if  the  electromagnetic  properties  of  vegetative 
materials  change  significantly  in  the  NMMW 
range.  Such  a  possibility  is  described  in  section 
Vl-5. 

The  polarizations  for  Oq  measure¬ 
ments  are  usually  VV,  HH,  and  HV .  The  cross- 
polarized  00  fHV)  is  usually  6  to  8  dB  lower  than 
the  parallel-polarized  Og.  In  the  monostatic  case, 
the  return  from  the  ground  Is  highest  at  depres¬ 
sion  angles  near  90  deg  because  of  specular 
reflectance  from  the  ground. 

Mouostatic  Cross  Sections  of  Ter¬ 
rain  .—Aerospace  Corporation'*  measuremente 
of  a  number  of  horizontal  surfaces  show  a  nor¬ 
malized  radar  cross  section,  Og,  essentially  inde¬ 
pendent  of  frequency  from  40  to  90  GHz  at 
depression  angles  from  90  to  45  deg.  Reflections 
from  concrete,  asphalt,  and  wood  all  appear  to 
be  nearly  specular.  Surfaces  of  gravel,  sod,  and 
weeds  appear  to  reflect  more  nearly  isotropical¬ 
ly.  Measured  values  are  shown  in  figures  VI-5 
through  VI-11.  The  large  Og  values  at  normal 
incidence  are  typical  of  specular  reflectors.  The 
three  nonspecular  surfaces  exhibit  backscatter 
nearly  independent  of  depression  angle.  These 
measurements  indicate  a  little  larger  backscatter 

'*H.  E  Xhif{  and  C.  /.  ZamlKs,  Ttrrain  BackKalltrMtaiunimtiili  al 
40  and  90  GHt,  Attospact  CorvoraUon,  SAMSO-TR-70-220  and 
TR-Om  ms-dlt-/  Hum  1970). 

‘PMar’i  Nott:  tit  StMtd  Blhlh/raphy  (Ch  IX)  for  addllloMal 
rtftranen  OH  lerraiH  meaturamiiitt.  Solt  particularly  Iht  viork  of 
Cutrla  tl  at  at  Hit  Gtorgla  Inilllult  of  Ttchnology. 
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at  theie  frequenciea  than  has  been  found  at  X- 
and  K-band  frequencies,  in  agreement  with 
theoretical  considerations  regarding  surface 
backscatter. 


Figure  VI-S.  Mean  Og  (or  wet  and  dry  gravel,  40  to 
90  GHz. 


Figure  VI-6.  Mean  Og  for  wet  and  dry  tall  weeds,  40  to 
90  GHz. 


Values  of  Oq  at  94  GHz,  published 
by  Hughes  Aircraft  Company,  are  shown  in 
figure  VI-12  and  are  in  general  agreement  with 
the  Aerospace  data.  The  data  arc  for  low- 
depression  angles  rather  than  the  high-depression 
at^es  of  the  Aerospace  data.  Radar  oq  measure¬ 
ments  published  by  the  System  Planning  Cor¬ 
poration"  are  shown  in  figures  VI-13  through 
VI-17.  The  Oq  of  concrete  and  asphalt  is  shown 
rising  with  frequency  from  10  to  120  GHz  in 
figure  Vl-17.  Plowed  fields  show  some  increase 
of  Oo  with  radar  frequency.  Crop  and  tree  o© 


"L.  D.  Strom,  Applications  for  Mllllmtltr  Radars  (U),  Report  No. 
lOI,  Spsim  Planning  Corporation  (December  im).  AD  329  366. 
(CONPIDENTIAL) 


values  appear  to  be  nearly  independent  of  fre¬ 
quency. 

Measurements  by  BRL"  at 
140  GHz  indicate  that  the  Oq  of  vegetation  is 
10  dB  greater  with  leaves  than  without  leaves. 
BRL  measurements  at  94  GHz  indicate  that  Oq 
from  “dirt  and  weeds"  at  9,]  less  than  1  deg  is 
-22  dB.  This  small  value  of  Qg  correspond  to  a  y 
of  -5  dB.  The  y  for  dirt  and  w^s  is  similar  to  the 
y  found  by  Ohio  State  University*’  for  tall  oats  in 
head. 


Figure  VI-7.  Mean  Cg  for  smooth  and  rippled  water,  40 
to  90  GHz. 


'V>  £.  Kammemr  nnd  K.  A,  Cross  Stfcliort  M«astir«merit5  of 

U.S.  Anny  Targita  by  140  CHz  Radur  (U),  Ballistic  Ktscnrc/i 
LabomtoHea  BRL-MK-17SS  (August  2966),  AD  378  097.  (CONFIDBN- 
riAU 

H.  Petike  and  T,  L  Oliver,  The  Response  of  Terrestrial  Surfaces 
at  Microuiave  Frerjuenclea,  Ohio  State  University  AFAL-TR-70-30t 
and  ESL<2440-7  (May  2971),  AD  884  106. 
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Figure  VI'S,  Mean  Oq  for  wet  and  dry  wood,  40  to 
90  GHz. 

A  publication  by  the  Norden 
Division  of  United  Aircraft'^  contains  70-GHz 
data.  The  Oq  from  a  macadam  surface  is  given  as 
-40  dB  at  0(]  9.2  deg. 

To  investigate  the  signal-to-noise 
ratio  in  the  Overland  Radar  Technology  Pro¬ 
gram,  the  Illinois  Institute  of  Technology 
Research  Institute  (IITRI)  developed  models  of 
the  behavior  of  Oq  with  depression  angle;  the 
models  developed  were  for  broad  terrain  classes. 


Figure  VI-9,  Mean  Og  for  wet  and  dry  asphalt,  40  to 
90  GHz. 

lake/sea,  farmland,  woodland,  and  desert,'*  The 
dashed  lines  in  figure  VI-18  show  the  median 
value  of  Oq  and  the  median  ±  the  standard 
deviation  for  farmland  clutter.  The  models  for 
the  other  terrain  types  are  similar. 

During  their  examination  of  ex¬ 
perimental  data,  IITRI  found  that  the  difference 
between  horizontal  (HH)  and  vertical  (W)  po¬ 
larizations  was  less  than  variations  in  the  meas- 


“L,  Chmilt,  L,  Kfuamtk)/,  K,  Konlir,  miJ  1.  GoUtmehtr,  Study  of  “t.  /,  Gri/emliln  H  »l,  A  Comynhenslve  Graumt  ClulHr  Model  for 
Airborne  Millimeter  Kadar  Teehnhiuee,  United  Aircraft  Cotporatlon  Airborne  Radars,  IIT  Research  Institute,  Chicane,  IL  (September 
BCOM-02I25-F  dune  1970),  AD  373  641.  1969),  AD  661  913L 
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umncn;«;  coiucquentialiy,  horizontal  and  ver^ 
deal  polarizations  were  lumped  together  in  the 
measurements.  IITRl  also  concluded  that  there 
was  no  significant  variation  of  Oq  with  frequency 
from  0.3  to  10  GHz  (except  for  desert),  and  the 
models  cover  this  frequency  range. 


Figure  VI>15.  Radar  cross  section  of  natural  ground 
targets  at  K^-band. 
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Figure  VI-16.  Radar  cross  section  of  natural  ground 
targets  at  40  to  90  GHz. 
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Figure  VI-17.  Clutter  Og  between  70  and  20  deg  grazing 
angle  as  a  function  of  wavelength. 


Figure  VI-19.  Monostatic  inlllimstcr  nwasurements 
plotted  with  IITRI  Farmland  Model. 


According  to  Long,  the  experi¬ 
mental  results  are  not  in  agreement  as  to  the 
variation  of  Oq  with  wavelength.*  He  indicates 
that  0©  varies  as  A'",  where  n  is  between  zero  and 
one.  Nathanson  also  indicates  that  o©  increases 
with  frequency  but  usually  not  faster  than  linear¬ 
ly." 
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*M>  IV.  tons,  Ktfitctivlly  of  Lim4  and  Sm,  tnlitflon  Boob, 

Uziniion,  MA  (197S), 

“f.  NalliMHton,  Kmhir  Dtaign  Printlplta,  McCnw-HIII  Book  Com- 
fnmy,  Nrui  York  (IMS),  2SS. 
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The  conclusions  in  these 
references  are  based  on  airborne  data  taken  at 
frequencies  of  10  GHz  or  less  and  ground  data 
taken  at  35  GHz  or  less.  To  determine  how  oq 
behaves  at  higher  frequencies,  millimeter  back¬ 
ground  measurements  from  three  sources'®  '’-'* 
were  plotted  on  figure  VI-18.  The  two  vertical 
lines  near  4-  and  25-deg  depression  angles  repre¬ 
sent  data  from  the  Georgia  Institute  of  Technol¬ 
ogy  (GIT)  at  94  GHz.  The  cross-hatched  areas 
are  Hughes  data,  also  taken  at  94  GHz.  The  solid 
lines  from  45  to  90  are  Aerospace  data  from 
averaged  measurements  in  the  40-  to  90-GHz 
band.  The  figure  lists  the  backgrounds  measured. 
The  dashed  lines  in  the  figure  represent  the  IITRI 
farmland  model. 

The  millimeter  measurements 
agree  with  the  IITRI  model;  hence,  this  model 
appears  to  be  a  reasonable  estimate  of  terrain 
reflectivity  at  300  GHz,  Figure  VI-19  is  an  esti¬ 
mate  of  Oq  for  typical  terrain  with  horizontal  and 
vertical  polarizations  at  frequencies  of  10-  to 
3S0-GHz.  The  solid  line  in  the  center  is  the  esti¬ 
mated  median  value  of  oq,  and  the  dashed  lines 


Figure  Vl-19.  EtUmalrl  Og  values,  10  to  350  GHi,  for 
H  and  V  polaiizatlant,  monostatic  operation  (IITRI) 
farmland  model  extended  to  5-deg  depression  angle, 

'“H.  B.  KlnyiiriJ  /.  Zmnlln,  Tirruln  llackscalltr  MtMuriiniith  vl 
40  to  90  GHx,  Corporation  SAMSO‘TK'70'220  and 

TK-OOi56tifdl6-41H  (June  1970). 

C  CurHi  ft  al.  Radar  Land  Clutlfr  Mrasurtmant  at  Frfffttfndes 
of  9.5,  16,  35,  and  94  CHz,  Gtornia  Institutf  of  Tfchitology  (April 
W5). 

'•M,  E.  Bffhf  at  al,  94  GHi  Sfnsor  Tow«r  Tint  Prograni.  Hitghvs 
Htport  No,  MSG  65075R  (February  1976}. 


represent  the  upper  and  lower  extremes  within 
which  oq  Is  expected  to  lie  for  a  monostatic 
radar.  This  figure  is  the  IITRI  farmland  model 
extended  to  a  5-deg  depression  angle. 

Images  of  snow-covered  terrain 
have  been  made  at  35  GHz  with  the  use  of  the 
airborne  AN/APQ-97  radar."  Measurements  of 
y  for  various  snow-covered  terrains  were  also 
measured  by  OSU.'®  The  influence  of  nominal 
depths  of  new  snow  is  reported  to  be  negligible 
compared  to  the  influence  of  the  underlying  ter¬ 
rain.'*  However,  the  old  snow  mixed  with  ice 
may  result  in  significantly  higher  values  of  y.  A 
2-in.  ('^SO  mm)  snow  and  ice  layer  covering  con¬ 
crete  is  shown  by  OSU  to  yield  10  to  15  dB 
greater  y  than  for  bare  concrete.  Also,  images  of 
regions  of  old  snow  display  an  anomalously  high 
return.'*  The  cau<.3  for  the  higher  returns  is  not 
known,  but  a  possible  mechanism  is  intimated  to 
be  the  rctroreflecting  power  of  ice  crystals  in  old 
snow  with  dimensions  of  the  order  of  a 
wavelength.'*  If  that  is  the  cause,  then  these 
"anomalous"  returns  may  be  expected  to  become 
more  frequent  in  the  NMMW  range,  due  to  the 
increasing  frequency  of  occurrence  of  small  ice 
crystals. 

Bistatlc  Cross  Sections  of  Ter¬ 
rain  .—The  amount  of  available  bistatic  terrain 
oq  data  is  evidently  quite  small;  only  six 
references  were  located  and  only  four  of  these 
provide  independent  data.  No  data  have  been 
located  for  the  0.3  to  3.2-mm  wavelength  region. 
In  fact,  the  shortest  wavelength  for  bistatic  Oq 
data  appears  to  be  -^3  cm.  BRL  has  published 
bistatic  scattering  measurements."  These  data 
indicated  that  forward  scattering  decreases  as  the 
illuminating  frequency  increases  and  as  the  graz¬ 
ing  angle  increases,  not  entirely  consistent  with 
data  presented  below. 


"MmmI  of  Rtmol*  Stniing,  vol.  11,  Amtrtcan  Soclitj/  of 
Phologmmmllrg  (1V7!). 

‘“R,  L.  Cotgrlfftl  al,  Ttrmln  Scalltrmg  Proptrllts  for  Ssmor  Syilem 
Detign,  l:iiglneerliig  E*y»r(rwfH(  Slotlon  Bulltlln,  Ohio  State  Unlornl- 
ty,  Cohimbuj,  OH  (May  liWUJ, 

“K.  A.  Hither,  a.4  nmi  Waiieletigtii  Near  Barth  Propagation 
Measurementa,  Balllallc  Heaeareli  Laharalortea  URL-MH-140J  (May 
1962),  AD  331  m. 
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Figure  VI-20  shows  the  envelope 
of  data  points  measured  by  the  Royal  Canadian 
Air  Force"  using  a  two-aircraft  measurement 
system.  For  all  these  measurements,  the  trans- 
initting  antenna  radiated  straight  down  — 

0  deg).  The  receiver  aircraft  flew  abreast  of  the 
transmitter  aircraft  at  various  distances  in  order 
to  receive  at  different  values  of  flg  between  21 
and  83  deg.  Since  the  results  for  flat  farmland 
and  hilly  terrain  are  quite  similar,  they  are' 
lumped  together  in  the  figure.  Note  that  oq 
ranges  between  -20.5  and  -6.5  dB. 


0  deg  and  "  0  dtg,  A  ■■  3  cm  (flat  farmland  and 
hilly  terrain). 


The  next  four  figures  show  the 
results  of  measurements  made  by  OSU"’"'"  *  on 
small  controlled  terrain  patches  using  ground  in¬ 
strumentation.  Figure  VI-21  shows  Ou  versus 
for  8i  “  20  deg  and  "  0  deg.  Observe  how  Oq 
for  smooth  sand  peaks  at  the  specular  angle  (Sg 
-  20  deg).  Note  also  that  oq  for  smooth  sand  ex¬ 
hibits  the  widest  variation;  its  Oq  value.s  range 


"IVi  H.  Ptiikt»»c(T,  L.  Olivtr,  Tht  Kuponii  of  Ttrnilrial  SurfiKi$ 
at  Mkroxuavt  fntfutnclti,  Ohio  Stah'  Univmlly,  AfAL-TK-7^30i 
and  ESL-2440-7  (May  1971),  AD  106. 

“B.  ).  Slerkty,  Bl-Slallc  Crouhd  Scallar  Mtaturtitunit  In  X-BanJ 
and  lha  Ground  Scalltr  Jammar  Pamnialan  (U),  DIractorala  of  Ek'c- 
Ironlc  Warfata  S9S7-t04-3  (DEW),  Air  Forca  Haadtfuarlan,  Ollami, 
Canada  (Saplambar  1963).  (SECRET) 

“S,  T,  Coil,  Maasuratnanlt  of  tha  Blilatic  Echo  Araa  of  Tarrain  at 
X-Band,  Ohio  Slala  Unluarally  Rapart  No.  1S12-2  (May  1965), 

A.  Rupka  and  G,  S.  Ratwalllar.  Invatllgallon  of  Ground  Il¬ 
lumination  at  Radar  Fraquanelaa  (U),  AFAL-TR-63-204  and  6H6-t7  F, 
Tha  Unluarally  of  Michigan,  Willow  Run  Laboralorlaa  (Saptanibar 
1965),  AD  366  232.  (SECRET) 

*Rtfarancai  23  and  24  aach  provida  a  complata  aat  of  tha  data. 
Rafaranca  13  praaania  much,  but  not  all,  of  tha  taina  data. 


from  -37  to  -1-12  dB.  The  Oq  for  rough  sand  and 
dry  grass  terrain  patches  exhibits  much  less 
variation. 


Figura  VI-21,  o,  versus  fig  for  HH  polarixatlon,  6|  ~ 
20  dag  and  4s  “  0  dag,  ^  ••  3  cm. 


Figures  VI-22  and  -23  show  OSU 
plots  of  o  versus  4$  for  relatively  large  incidence 
and  scattering  angles  (8i  ■■  9$  70  deg  and  9|  •- 

9s  ■■  80  deg,  respectively).  Note  that,  in  most 
cases,  there  is  a  significant  peaking  for  specular 
reflection  (9$  ~  0).  Note  also  that  Oq  values  for 
the  smooth  sand  vary  more  widely  than  those  for 
the  loam  or  soybean  foliago,  although  the  differ¬ 
ences  are  not  as  pronounced  for  9i  «  80  deg  as 
for  9i  “  70  deg.  For  9)  “  70  deg,  Oq  for  smooth 
oand  ranges  from  —43  to  -1-21  dB, 


Figure  Vl-22.  Og  versus  4g  for  HH  poiarlzstion,  9|  »  9g 
“  70  deg,  A  —  3  cm. 


lOS 


FIgurt  VI-23.  Og  vtrtus  4,  for  HH  poUrtuUon,  0{  •-  9, 
»00  dogf  2  3  cm. 


All  the  prevlouely  diKUMcd  Oo 
date  were  for  HH  polarization,  Figure  VI-24 
coini>aree  OSU  data  taken  at  HH,  W,  and 
croeaed  HV  polarization!  for  unooth  und  and  at 
6t  ■■  95  deg.  Note  that  HH  polarization  gives  the 
itrongest  rciportse  for  most  values  of  If.  Also, 
HV  values  are  the  smallest  much  of  the  time, 
especially  in  the  near-specular  (0  deg  <  < 

10  deg\  directions  and  the  backscattering  (^  >  90 
deg)  dmtions. 


Recent  bistatir  Oq  measurements 
have  been  made  by  ERIM.”  The  next  two  figures 
show  typical  results.  Like  most  of  the  previously 
discuss^  data,  a  3-cm  wavelength  and  HH 
polarization  were  used;  the  incidence  and  bcatter- 
ing  angles  are  relatively  large,  ranging  between 
^-67  and  85  deg. 

Figure  V1-2S  shows  versus  4s  (0 
to  55  deg)  for  flat  terrain  (grass  and  a  cement 
ramp).  Note  that  the  dr‘ points  ra:  ige  between 
-17  and  -7  dB.  K-  -e  also  tha<  there  is  no  signifi¬ 
cant  variation  in  0(,  a  function  of  4g.  This  is 
believed  to  be  due  to  considerably  less  homoge¬ 
neity  in  the  terrain  area  as  compared  to  that 
measured  in  the  OSU  program. 


Figure  VI-25,  versus  4|  for  HH  polarization,  8|  79 
deg  and  9,  85  deg,  1  -  3  cm  (grace  and  cement 

ramp). 


Figure  VI-26  provides  the  enve¬ 
lope  of  the  BRIM  data  points  collected  for  an 
area  of  tall  weeds  and  scrub  trees.  Here  again, 
there  does  not  appear  to  be  any  clear  trend  with 
Ig.  The  abrupt  level  change  in  the  vicinity  of  4$ 
65  deg  is  believed  to  be  due  to  experimental  er¬ 
rors  related  to  the  fact  that  the  first  and  second 


Figure  VI-24.  Og  versus  4(  for  9|  6,  -  85  deg  for 

various  polarizations,  A  ■  3  cm. 


>’K.  tv.  tar, DM  r  III,  Mniitirtmtiiti  of  BUlallc  Sculhirlng  Cotffidtnii 
Uring  Alr-Groi  I  Cohtnnt  InilrumtitloHoii,  Envloumthhil  Rtatarch 
Uifliiut*  of  Mk liigitu  Refloat  (ApHl  1977), 
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halve*  of  the  data  curves  were  measured  on 
separate  passes.  It  is  shown  that  Oo  values  range 
from  -27  to  -0.5  dB. 


Flipirc  VI-25,  Og  vcnus  for  HH  palarUatlon,  57 
to  75  deg.  6g  80  deg,  Jl  3  cm  (tall  weeds  and 
scrub  trees). 

Target-Background  Contrast 
Data  .  -Target-background  contrast  meas- 
uremcnts  have  been  made  at  35  and  70,  as  well 
as  a  few  measurements  at  94  GHa  in  support  of 
the  terminal  homing  data  bank  at  the  U.S.  Army 
Missile  Research  and  Development  Command. 
Some  of  the  types  of  measurements  are  described 
in  table  Vl-3. 

It  seems  clear  from  the  data 
discussed  in  the  previous  paragraphs  that  bistatic 
oq  values  can  vary  widely,  depending  on  the  par¬ 
ticular  measurement  parameters.  In  the  absence 
of  other  information,  we  shall  assume  that  the 
bistatic  return— like  the  monostatic— is  constant 
with  frequency  above  10  GHz  so  that 
measurements  made  from  9  to  10  GHz  will  in¬ 
dicate  the  order  of  magnitude  of  bistatic  Oq  for 
radars  operating  from  10  to  350  GHz,  With 
smooth  surfaces  at  angles  near  specular,  Oq  Is 
likely  to  be  -5  to  5  dB;  the  values  for  rough  sur¬ 
faces  are  likely  to  be  -10  dB  near  specular.  Away 
from  the  specular  point,  Oq  values  tor  terrain  will 
be  -IS  to  -10  dB.  Oo  can  drop  to  -30  dB  or  less  far 
from  the  plane  of  the  incident  field.  The  data 


curves  should  be  helpful  in  making  estimates  for 
particular  situations. 

Radiometric  O^uration  by  Fore¬ 
ground  Foliage  .—According  to  McGee,** 
the  obscuration  by  foliage  of  a  target  thermally 
emitting  35-GHz  radiation  is  related  to  the  visual 
obscuration.  He  offers  the  empirical  relation 

B  a  0.103  +  l.WB'  -  0.700(8')*  ,  (22) 

where  B  is  the  apparent  radiometric  blockage; 
i.e., 

T  -  BTfiollsge)  +  (1  -  B)  T(Urget)  ,  and 

B'  is  the  visual  blockage,  i.e.,  the  fraction  of  the 
target  covered  by  foliage  as  viewed  from  the 
receiver  and  T  is  the  radiometric  temperature. 

McGee's  relation  will  probably  hold  true  for 
shorter  wavelengths  as  long  as  y  for  vegetation  is 
approximately  cotutant.  It  may  fail  for  wave¬ 
lengths  near  1  mm  due  to  possible  changes  in  the 
electromagnetic  properties  of  vegetation  (see 
sect.  VI-5.1)  and  painted  steel  (see  sect.  Vl-5.2). 

VI~4.2  Atmospheric  Emission  Data 

NMMW  background  radiation  at 
high  altitude  (144  km)  for  space-ward  viewing 
radiometers  is  reported  by  J,  R,  Houck  et  al,”  as 
1.5  gW/m’sr  in  the  band  from  0,4  to  1.3  mm  and 
about  0.3  /iW/m*8r  in  the  band  from  1.2  to 
1.8  tnm.  The  anticipated  radiation  from  a  2.7  K 
blackbody  residual  radiation  from  space  due  to 
an  expanding  universe  would  be  about 
0.4  )iW/m’sr  in  the  0.4  to  1.3  mm  band. 

For  further  discussion  of  at¬ 
mospheric  emission  measurements  the  reader  is 
referred  to  Chapter  I  and  numerous  references  in 
the  Selected  Bibliography  (Ch  IX)  (Gibbins, 
Sokolov,  Kiinzi,  Staelin,  and  Aganbekeyan). 

“X.  A.  McCen,  Milllmilfr  IVuuu  Xuitlutrwlrfr  Dclcctiuii  of  Tatgohi 
hi/  PoHuge,  tiallhtic  Jit'svurcli  LiiboriHoHes 
(/anuary  AO  667 

'V.  Houck  «t  wf.  The  Far  btfrarcU  and  Siihmillimetar 
ComWI  UtiiutfMrtj/  (1  Stptmhpr  W2),  AD  763  m. 
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TAiU  VM.  MIUiMETIR  TARGET  AND  lACKCROUND  MEASUREMENTS 


Taaeit 

■acktraund 

Contract  Mippoit 

Ramarka 

Location 

15-CHt,  piMtv* 
and  fn/cw 

Mao.  Ma,  M4,  lanki, 
meittra,  Itowitiar. 
rockat  Uunchar, 
tnuka,  convoyi 

Danaa  bruati, 
wooda 

Sparry  Mkrowava 

Juini  MICOM-Eflln  AFB  offort;* 
(owcr-nwunt«d  icrtfoit 

Eglln  AFB,  a 

3S  CH«,  hn/cw 

MU.  M41,  unka 

CraH,  bniih, 
wooda 

- 

lout  MICOM-BRL  cfforl.' 
halkopttr-mounlad  wnaor 

Rcdilonc  Araanal,  AL 

U  CHi,  puM 

M41  lank.  Inick, 
M113APC 

Danaa  bruih, 
wooda 

Ganaral  Dynamki 

Joint  MlCOM-E(lln  AFB  afforli'' 
lowar  laakcr 

Eglln  AIV,  FL 

35  CiHi,  fm/cw 

MU  lank.  MU3  APC 

Grata,  Iraat 
wai  toll, 
airport  runway, 
roada 

Sparry  Mlciowava 

Hallcoplar-mounlad  santor^ 
pitmartly  wal  bKkgroundt 

Radalona  Araanal,  AL 

35  CHi,  puliad 

MU  lank.  M113  APC 

Grata,  biuth, 
wooda 

Martin-Marlalla 

Towar  and  helicopter  mounted* 

Radalona  Araanal,  AL 

70  GHi,  puM 

MU  lank,  M113  APC 

Craat,  wooda 

Nordan/Unltad 

Tachnoloty 

Joint  MICOM-ECOM  alforti' 
lowar-mounlad  aanaorj  polarl- 
aatlon  diveriltyi  variable  pulaa 
width 

Radalona  ArKnal,  AL 

9SGHa 

MM  lank 

- 

HonaywtU 

-- 

TARAtXOM,  Warren, 
Ml 

35-  and  94-GHi, 
pubtd 

Ponl(n  armorad 
larttia 

Grati 

Caortla  Inal,  of 
Tanhnology 

Sparry  Microwava 

Joint  Army-AF  afforti  lowar- 
mounlad  aanaom  ilmullancoul 
35-  and  94-GHx  irwaiiuramanta 

AUrdaan  PG,  MD 

35-  and  94-CHl. 
pulwd 

MU  lank,  M113  APC 

Grnat 

Sparry  Microwava 

Joint  Army-DARPA  Iowan 
hallcoptar-mounlad  aanaoni 
•Imullanaoui  35-  and  M-GHtj 
monoflalic  and  blalallc  data  on 
targeli  and  background! 

Redalona  Araanal,  AL 

17,  35,  and 
94GHi 

MU  lank,  M113  APC 
canto  Iruckt 

Grata,  bruih, 
woodi 

Caorgla  Inal,  of 
Teclittolt^ 

Invaallgate  polariiallon  and 
frequency  agllllyi  larget/ 
background  characlartillcai 
lowar-mounlad  lanaorii 
tnlllaled  May  77 

Radalona  Araanal,  AL 

Mir  totct  ArftuifM^^i  Ul/or^forv,  Kg  Ri»rf<orH#i#r  Towtr  Tn*  (U),  BgliH  AFB,  FI  (luM  i972f  AFATL-TH./l-tU,  HE-TH-72’S,  (ComPENTlALi 
^Anrty  Timinal  Homing  SymfH)$ium  Prt)t4*iHHg$.  MHltmH*r  Wav9  for  Tnmituil  Homing  (W.  U.S.  Army  Miwflr  Cortiwiini^  (24>25  April  1973). 

(CONftDENTlAl) 

^U.S.  Army  MittiU  Commttui.  M((lim#r«r  Turffi  M««iur«m«M(i  SMlrtr  £/forf  iW.  THhnie*}  Hopoii  RB-76‘2J  (knumy  1976).  (CONflOBNTlAU 
^Sit4rry  Microor^vt  BUctronia,  fm/ou  Miltimfirr  5#n*or  T«r|«l-liac-kxruiirtW  '  (U),  SJ  242-7914-1.  FlntlRtporl.  Conirtet  DAAH01’74’C-O662  {Augtut 

1975).  (CONFIDENT! At) 

'Marfan  hAnrifUn.  D*  Rtngf  t*roeu$or  Tmc  Progrnm.  MiCOM  Tni  Propitm  (U).  Rtport  No.  OR  14,147  (Final  Rapori  from  26  ftnuaty  to  26  Marelt  1976). 
(CONFIDENTIAL) 

^NonUn  Divteiort  of  Unitad  Taclmolagiat  Corporation,  MilUmatar  RaAir  Tnt  Program,  Hapon  No.  TE-CH-77-6  ffihii/  Raport  from  May  1976  lo  Fahruary  1977). 


VI.5.  MATERIAL  PROPERTIES  AND 

TRENDS  INDICATED  BY  SIMPLE 
MODELING 

Even  though  target  and  background  scab 
teiing  and  emiuion  may  not  be  measured  at  the 
desired  wavelengths,  it  may  be  possible  to 
estimate  what  reasonably  could  be  expected  from 
a  knowledge  of  the  constituent  material  proper¬ 
ties  and  from  applying  simple  modeling  con¬ 
cepts.  If  one  uses  relation  <3),  which  separates  the 
materia!  properties,  the  geometrical  shape,  and 
the  size  factors,  one  may  estimate  trends  in  o  and 
Oo  on  the  basis  of  the  expected  trends  of  each  fac¬ 
tor. 


which  should  vary  in  frequency  in  accordance 
with  the  complex  dielectric  constant  of  water.  An 
empirical  relation  between  the  complex  dielectric 
constant  of  water  and  the  complex  dielectric  con¬ 
stant  of  com  and  grass  leaves  at  a  frequency  of 
8.5  GHz  is  given  in  the  Manual  of  Remote  Sens¬ 
ing*  as 

-  13  +  ■«(!!!£!«>  , 

2 


i'(l«.0 


0.001  ■\- 


mi'twiter) 

3 


where  m  weight  fraction  of  water  in  the  leaf  (0 
<  m  <  0.6). 


VIS,  1  Licfuid  and  Solid  Water 

P.  S.  Ray*  published  values  of  the 
real  and  imaginary  index  of  refraction  for  liquid 
and  solid  water  as  shown  in  figures  VI-27  and 
VI-28.  I  he  complex  dielectric  constant  may  be 
derived  from  these  data  by  use  of  the  relations 


-  "r  -  "1  ■ 

(23) 

i'  ■  2iy»|  , 

(24) 

where  real  part  of  the  complex  dielectric 
constant, 

c*  >■  imaginary  part  of  the  complex 
dielectric  constant, 

n,-  real  part  of  the  index  of  refraction, 
and 

n]  imaginary  part  of  the  index  of 

refraction. 

A  portion  of  the  spectrum  of  the  complex  dielec¬ 
tric  constant  is  shown  in  figure  VI-29. 


The  leaf  thickness  of  many 
temperate-zone  plants  is  about  0.3  mm  so  that 
one  may  compute  the  leaf  specular  transmittance 
and  reflectance  for  a  leaf  plane  section  at  normal 
incidence  using  Stratton's  relation.**  The  results 
of  such  a  computation  are  shown  in  figure  VI-30. 
Since  Oq  bi  qG' A/ Aj,  one  may  argue  that  since  G' 
appears  to  remain  constant  with  decreasing 
wavelength  for  other  targets,  then  G'  should  re¬ 
main  constant  for  foliage.  The  projected  area  of 
the  foliage  is  not  wavelength  dependent;  thus,  Oq 
should  vary  as  canopy  reflectance.  In  turn, 
canopy  reflectance  should  vary  with  the  specular 
reflectance  for  single  surface  scattering  and  as 
specular  transmittance  and  reflectance  for  multi¬ 
ple  scattering.  One  may  observe  from  figure 
VI-30  that  decreasing  wavelength  should  yield  no 
significant  change  until  A  <  2  mm  where  some 
p<»sible  surprises  in  Oo  might  be  observed.  For 
wavelengths  below  0.1  mm,  the  canopy  Oo 
should  merge  with  observations  at  10.6  ^m. 

Blue  and  Perkowitz**  made  rela¬ 
tive  reflectance  measurements  Crel  ><6  of  Brass 
blades  and  leaves  for  6}  —  12  deg,  Og  ■-  12  deg, 
and  fs  ~  deg,  the  specular  angle  conditions. 


Plane  sections  of  materials  con¬ 
taining  water,  such  as  leaves  of  vegetation  and 
soil,  will  exhibit  a  reflectance  and  transmittance 

S  (Aiigutt  je72),  tH3^I844, 


’Mnituaf  of  Rtmoli  Stnsing,  Vol.  I,  Amtrinn  Socitly  of 
Photognmmtiry  (197S). 

"/.  A.  Sirallon,  Elrrlroniagntlh  Thtoty,  McGraw-Hill  Book  Com- 
ptny  own. 

“M.  D.  Bliu  and  S.  Ptrkowllt,  RtflaLihlly  of  Common  Malarlab  In 
Ihi  Suhmilllmtiir  Ktglon,  IEEE  Tnna,  MIcrowaot  Thtoryand  Ttch., 
vol.  MTT-2S  1X911).  49I-49J. 
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WAVtUNOTHlM) 


FIgur*  VI-27.  Arulytlc  modkl  of  compkx  lnd«x  of  nfraction  for  liquid  water  wllh  a  aamplc  of  cxparlmcntal  data 
to  Uluttrate  fit.  Tbt  temparaturc  la  23  C. 


10“^  1*-*  10"*  10"’  10®  to’  10*  10*  10*  1(1*  itf*  lo’  10*  10* 


WAVCLINOTHImi) 

FIgurt  VI-20.  Analytic  model  of  complex  Index  of  refraction  for  Ice  with  a  aample  of  data  to  llluitrate  fit.  Daahed 
line  repreaenta  Won-Cole  Model. 


WAVfilUtrH  MMl 


Flfurf  IV-29.  CompWx  dWWctrk  coMUnt,  c«lcuUit«<i 
from  lUy'i  curv*  for  water  at  Z5  C  (c  ~  —  n|,  t 

-  aiV4>. 


ngura  Vl>30.  Normal  aptculir  rtfltcUncc,  q,  and 
traiumlttanca,  t,  of  healthy  grten  leaf  (d  ■■  0.3  mm, 
m  -  0.6). 


The  multe  are  ihown  in  figure  VI-31.  The  mag¬ 
nitude  of  Qdh  tnutt  be  greater  than  Orel  so  that 
the  values  shown  arc  minimum  values  of  odh- 
The  roughness  of  surface  will  determine  the 
degree  of  scattering  into  angles  other  than 
specular  angle. 

WAVi.JNeTMknl 


•M  Hi  IN  H  M 


>•  IM  IM 


Figure  VI-31.  Normal  reflectivity  In  percent  for  typical 
organic  materials,  and  concrete  surface  for  com¬ 
parison. 

Perkowlta  and  Bean’®  have  shown 
that  molecular  absorption  bands  of  chlorophyll 
also  occur  in  the  NMMW  range.  Figure  VI-32 
shows  relative  absorption  as  a  function  of  wave- 
number  for  chlorophyll  (a)  and  (b).  The  short 
wavelength  limit  of  NMMW  range  is  0.3  mm,  or 
33  cm"'. 

Work  on  material  properties  and 
spectroscopy  in  the  NMMW  region  has  been 
underway  since  1692.”  During  most  of  this 

"S.  Ptrkowllt  anj  B.  L.  Btan,  Fir  lifrinj  Abiorpnoii  of 
Cklorophvit  in  Solution,  foumil  of  Chtmleil  Phyrlci,  vol.  66  (1977), 
2231  2232. 

"K.  D.  MbIIrr  and  W,  G  Rothchlld,  Far-Infrirtd  Sprelrottopy. 
Wiliy-lniindine*  (1971). 


period,  fewer  than  10  papers  a  year  were  pub¬ 
lished,  and  only  since  1^65  have  the  number  of 
papers  per  year  approached  100.  Because  of  the 
lack  of  adequate  experimental  data,  material 
properties  and  trends  must  be  estimated  through 
simple  modeling.  Important  parameters  such  as 
the  temperature  dependence  of  the  complex 
dielectric  constant  of  liquid  water  are  not  certain 
at  present. 


Figure  VI-32.  Far-infrared  absorption  spectra  of 
chlorophyll  (a)  and  (b)  in  cyclohexane  solution  at 
concentrations  of  1  mg/ ml.  The  solid  lines  are  drawn 
on  smooth  curves  through  the  data  points,  Typical 
errors  are  indicated. 

A  computation  for  soil  materials 
that  was  similar  to  the  one  for  healthy  green 
leaves  indicates  that  the  specular  reflectance  for 
moist  soils  is  not  significantly  wavelength 
dependent.  Any  change  in  Oq  for  soils  should  be 
due  only  to  G'  variations  due  to  changes  in  the 
degree  of  specularity,  unless  molecular  absorp¬ 
tion  bands  appear. 


The  very  low  values  of  the 
imaginary  part  of  the  index  of  refraction  of  ice 
and  the  nearly  constant  real  part  will  lead  to  very 
little  change  due  to  frost  cover.  No  surprises  are 
expected  for  frost-covered  surfaces. 

One  may  expect  an  increase  in 
emissivity  for  thermal  radiation  when  metals  are 
coated  with  water  drops  or  water  films  at  least 
0.2  mm  thick.  Using  Stratton's  relation,  one  may 
calculate  the  absorptance  of  a  water  layer.  The 
emissivity,  c,  for  random  polarization  normal  to 
the  surface  should  be  approximately  equal  to  the 
absorptance,  e  “■  1  —  t  —  p. 

VI-S.2  Metals 

According  to  Stratton,’*  the 
macroscopic  electromagnetic  theory  is  valid  for 
metals  for  all  wavelengths  greater  than  10  pm 
(all  frequencies  less  than  30  THz),  For  almost  all 
angles  of  incidence,  the  specular  reflectance,  p,  of 
a  metal  for  radiant  flux  Is  given  by  the  relation 


e  - 1  -  (27) 

where  w  -  2  nv, 

V  -•  radiation  frequency, 

“  relative  magnetic  permeability, 

Iq  —  8.854  X  10'”  farad/meter,  and 
0  —  conductivity  of  the  metal. 

Evaluation  of  relation  (27)  for  —  1  yields  the 
relation 

B  -  1  -  2.11  X  10-’vT7o"  ,  (28) 

in  MKS  units. 


**].  A.  Stmtton,  Electromagnetic  Theory,  McGraw-Hill  Boot  Com- 
ffwiy  (1942). 
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A  comparison  of  the  calculated 
and  observed  values  of  1  —  p  for  various  metals 
measured  by  Hagen  and  Rubens  is  also  presented 
by  Stratton.  However,  using  conductivity  values 
in  the  Handbook  of  Chemistry  and  Physics,  a 
better  fit  to  observed  values  of  Hagen  and 
Rubens  is  obtained  using  the  relation 

8  -  1  -  2,64  X  10-V  K^w/o  .  <29) 

Table  Vl-4  shows  the  results  of  using  relation 
(29)  for  predicting  the  normal  spectral  emissivity 
of  metals  (1  —  q),  at  2.S  mm,  0.3  mm,  and 
25  pm.  The  observed  values  of  thermal 
emissivity'*  are  compared  to  the  predicted  spec¬ 
tral  values  at  25  pm.  In  general,  the  observed 
thermal  emissivity  values  at  room  temperature 
('^<95  percent  of  blackbody  radiation  is  between 
2.5  and  40  pm)  tend  to  agree  adequately  with  the 
predicted  values  at  25  pm.  The  major  source  of 
variation  in  thermal  emissivity  measurements  is 
the  variation  in  the  surface  preparation. 
P  nissivity  values  for  iron  and  steel  metals  in¬ 
dicate  that  the  magnetic  permeability  may  be  a 
significant  factor,  even  at  25  pm.  Titanium  also 
appears  to  deviate  considerably  from  the 
calculated  value  for  K,„  -•  1, 

The  common  metals  used  in  con¬ 
struction  of  military  equipment  are  aluminum, 
iron,  steel,  and  titanium.  Except  for  aluminum, 
these  are  the  metals  for  which  the  reflectance 
may  be  significantly  frequency  dependent. 

Although  polished  metals  should 
not  reveal  any  new  or  surprising  reflectance 
properties  in  the  NMMW  spectral  range,  prac¬ 
tically  no  polished  metal  surfaces  will  appear  in  a 
battle  area.  Some  other  form  of  surface 
characteristics  can  be  expected— rust  and  oxida¬ 
tion,  paints  and  anodizations,  along  with  rough 
surface  finishes.  The  thermal  emissivity  varia¬ 
tions  due  to  such  surface  characterizations  are 
quite  large,  indicating  that  surface  reflectance  in 
the  25-pm  spectral  range  is  strongly  influenced 
by  surface  properties.  The  thermal  emissivity  of 

“W,  Wolf*  (fd.),  Handbook  of  Military  Infmrtd  Ttchnohgy,  Offict 
of  Naval  Rtuarth  11965).  797. 


iron”  varies  from  21  percent  for  a  polished  sur¬ 
face  to  63  percent  for  an  oxidized  surface,  to  69 
percent  for  a  red  rusted  surface.  These  values 
should  approximate  the  si^tral  emissivity  at  25 
pm  for  iron.  The  addition  of  dust,  mud,  dew, 
fr<»t,  grease,  and  oil  to  such  iron  surfaces  should 
alter  the  spectral  emisslvities  also. 


Figure  Vl-33  shows  the  influence 
of  various  surface  finishes  of  aluminum  on  the 
infrared  spectral  reflectivity.  At  25-pm,  the 
emissivity  (1  -  q)  may  be  anywhere  from  10  to 
80  percent,  depending  upon  the  anodization  pro¬ 
cess.  Figure  VI-34  shows  the  Influence  of  painted 
surfaces. 

Clearly,  there  must  be  a  transition 
between  the  emissivities  at  25  pm  to  the  emissiv- 
ities  at  2.5  mm.  The  question  is,  "What  is  the 
nature  of  this  transition  and  at  what  wavelength 
does  a  significant  change  occur!" 

A  vital  issue  in  the  detection  of 
thermal  emission  from  strategic  taigets  such  as 
large  ships  at  sea  is  the  value  of  thermal  emissiv¬ 
ity  of  painted  steel  in  this  spectral  range.  A  com¬ 
putation  can  be  made  using  classical 
electromagnetic  theory”  and  Debye  relaxation 
time”  to  obtain  the  probable  normal  spectral 
reflectance  of  a  plane  section  of  a  sheet  of  painted 
steel.  The  emissivity  for  a  direction  normal  to  the 
plate  should  be 

((nomnil)  “  1  —  uttpeculsr) ,  (30) 

if  scattering  due  to  roughness  of  surface  is  not  ex¬ 
cessive.  The  results  of  the  computation  indicate 
that  very  important  reflectance  variations  could 
occur  at  wavelengths  of  1.0  mm  and  less. 

The  computation  employs  the  ex¬ 
pected  real  and  imaginary  dielectric  constants  for 
paint  with  the  Debye  relaxation  time,  t,  as  a 
parameter.  The  assumption  is  made  that  no 

t*l.  ,4.  SfMffoH,  Elirtroniagwtlr  Theory.  McGraw-Hill  Book  Com- 
ffany  (1941). 

^*C/inr/w  iHfrorfurf/oM  to  SoM  Stata  Physics,  /ohn  l^iley  untl 
Sons  (1956). 
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TABLE  VU.  NORMAL  SPECTRAL  EMISSmilES  OF  METALS  AND  OBSERVED 
THERMAL  EMtSSIVITIES  AT  ROOM  TEMPERATURE 


Mitd 

Resistivity 

pohm-cm 

Normal  spectral  easlsaivlty  (%) 
Wavelength 

Room  temperature 
thermal  emlsslvlty  {%) 

2.5  mm 

0s9  nun  | 

25fim 

Aluminum 

2.824 

O.IS 

0.44 

1.54 

2  lo5 

Antimony 

41.7 

0.59 

1.70 

5.91 

3  to  6 

Amnlc 

23.3 

0.53 

1.52 

5.28 

Bismuth 

120 

1.00 

2.89 

10.02 

Bntt 

7 

0.24 

0.70 

2.42 

Cadmium 

7.6 

0.25 

0.73 

2.52 

2  lo3 

Climax 

87 

0.85 

2.46 

8.53 

Copper 

1.771 

0.12 

0.35 

1.22 

1.5  lo  3 

Cold 

2.44 

0.14 

0.41 

1.43 

1  to  2 

lronK„-l 

10 

0.29 

0.83 

2.89 

21  cast  Iron,  polished 

Iron  iC^'lOO 

10 

2.9 

8.3 

29 

21  cast  Iron,  polished 

Lead 

22 

0.43 

1,24 

4.29 

5 

Magnesium 

4.6 

0.20 

0.57 

1.96 

— 

Manganln 

44 

0.61 

1.75 

6.07 

7.6 

Mercury 

9S.783 

0.90 

2.58 

8.95 

Molybdenum 

5.7 

0.22 

0.63 

2.18 

8 

Monel  metal 

42 

0.59 

1.71 

5.93 

15  Io20 

Nickel 

7.8 

0.26 

0.74 

2.55 

2.2 

Palladium 

11 

0.30 

0.88 

3.03 

3 

Phosphor  bronxe 

7.8 

0.26 

0.74 

2.55 

— 

Platinum 

10 

0.29 

0.83 

2.89 

1.6  to  3 

SUver 

1.59 

0.13 

0.33 

1.15 

2.2 

Steel,  E.B.BK--1 

10.4 

0.29 

0.85 

2.98 

19  Stainless  type  302 

K„-100 

2.9 

8.5 

29.8 

19  Stainless  type  302 

Steel,  B.B.  K„-l 

11.9 

0.32 

0.91 

3.15 

19  Stainless  type  302 

1^-100 

1 

3.2 

9.1 

31.5 

19  Stainless  type  302 

Steel,  manganese  K,„' 

-1  70 

0.77 

2.21 

7.65 

Tantalum 

15.5 

0.36 

1.04 

3.60 

5 

Tin 

11.5 

0.31 

0,90 

3.10 

1.2 

Titanium 

5.5 

0.22 

0.63 

2.18 

16  to  20 

Tungsten,  drawn 

5.6 

0.22 

0.62 

2.16 

5 

Zinc 

5.8 

0.22 

0.64 

2.20 

5 

REFLECTIVITY  (%) 
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WAVELENGTH  Oim) 

Figurt  Vl-33.  Compiled'  i|MCtral  rtflactivltlM.  A  ->  chromic  add  anodiu  on  ZIS-TSl  aiumlnum.  D  -  tulfuric 
add  anodiaa  on  24  S-Ttl  txtnided  alumlnuin,  chamically  milled.  C  ■■  hard  anndiza  (1  mil)  on  6061-T6 
aluminum  (3S  k/W,  45  V,  20  F). 


0.250.500.751.0  2.0  3.0  4.0  6.0  6.0  7.0  9.0  11  13  15  17  19  21  23  25 

WAVELENGTH  inm) 

Figure  VI-34.  Compiled  epcctral  reflectivitiee.  A  »  flat  whit*  paint,  Fuller  No.  2562  on  2-ntil  poliahcd  aluminum. 
B  while  epoxy  redn  paint  of  Mg.  C  —  flat  white  acrylk  resin,  Sherwin-Williams  M49WC5-CA-10144;  MIL- 
C-15326-A  Pretreatment  waeh  coating  on  22-nill  301  stainless  steel  1/2  hard.  D  ■«  white  paint  mixed  with  pow¬ 
dered  glass,  7  mil  on  pollshsd  aluminum. 
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mol^Iar  absorption  bands  are  encountered  in 
this  spectral  range. 

Using  data  from  the  Handbook  of 
Chemistry  and  Physics  for  dielectric  properties 
as  a  guide,  one  may  assume  that  the  probable 
relaxation  time  for  paints  may  be  anywhere  in 
the  range  of  10'‘*  to  10*'*  s.  The  relaxation  times 
for  good  insulating  materiak  such  as  Lucite, 
Teflon,  etc**  are  about  10*'*  to  10*"  s,  according 
to  von  Hippie's  measurements  at  25  GHz.  At  any 
given  frequency,  the  relaxation  time,  t,  may  be 
determined  from  measurements  of  the  complex 
dielectric  constant,  so  that 

I  -  -  1) ,  (31) 

wheresi  real  part  of  the  complex  dielectric 
constant. 

Cl  imaginary  part,  and 

(u  ~  2  ffv,  the  angular  frequency  of  inci¬ 
dent  electromagnetic  radiation. 

The  relations  given  by  Stratton** 
(pp.  511-513)  are  used  for  computation  of  reflec¬ 
tance.  The  following  parameters  are  used  as  in¬ 
put; 

d  paint  thickness  of  0.1  mm, 

Cl  "•  relative  paint  dielectric  con¬ 
stant  at  zero  frequency, 
3.35, 

Ml  ~  relative  paint  magnetic 
permeability,  1.0, 

Cl  ~  relative  air  dielectric  con¬ 
stant,  1.0, 

Ml  ~  relative  air  magnetic  perme¬ 
ability,  1.0, 

Ml  "  relative  magnetic  perme¬ 
ability  of  steel,  100.0 

**/.  A.  itnUon,  EltcIromatmUc  Thioiy,  McCnm-Hllt  Book  Com- 

(mi). 


oj  —  conductivity  of  steel, 
10’  mho/m, 

t  "•  Debye  relaxation  time  of 
paint,  10*'®  to  10"'*  s,  and 

1  ~  wavelength  of  radiation  0.1 
to  10  mm. 

The  results  are  shown  in 
figure  VI-35.  The  range  of  reflectance  values  at 
0.3  mm  is  from  13  to  92  percent.  The  tempera¬ 
ture  of  lai^  painted  steel  ships  will  vary  about 
sea  temperature  with  the  time  of  day.  As  long  as 
the  emissivity  of  the  ship  is  much  less  thart  the 
emittivity  of  the  sea,  the  temperature  variation 
will  not  influence  contrast.  For  wavelengths  of 
1.0  mm  and  shorter,  it  is  possible  for  the  emis¬ 
sion  from  painted  ships  to  nearly  nutch  the 
radiation  from  the  sea  so  that  little  contrast 
would  be  observed  for  detection  purposes. 

V/-5.3  Experimental  Backscatter  from 

Painted  Surfaces  and  Wood 

Laboratory  measurements*  have 
been  made  of  the  reflectance  of  painted  plane  sec¬ 
tions  of  aluminum  at  0.89  mm.  Only  the  mono¬ 
static  case  was  measured  (Oj  —  6,,  4,  180  deg) 

as  a  function  of  The  results  (^.  VI-37  to  -39) 
show  the  variation  in  *  up'  for  these 
samples  at  various  incident  angles. 

Figure  VI-36  is  for  an  aluminum 
substrate  with  a  fint  paint  coating  of  zinc 
chromate  primer  and  a  second  coat  of 
camouflage  forest  green  (MIL-E-52798).  Figure 
VI~37  is  for  an  aluminum  substrate  with  a  first 
coat  of  epoxy  primer  and  second  coat  of 
lusterless  white  enamel.  Figures  VI-38  and  VI-39 
are  for  all-weather  plywood.  The  grain  direction 
is  that  of  the  exposed  surface. 

The  fact  that  nonzero  reflectance 
values  are  observed  for  6i  s*  0  indicates  either 


'PrItmU  commuHleatlon  from  0.  D,  Gvmthtr,  Rtdilont  Artenal 
(1977). 
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that  nonipecular  icattering  occur*  from  these 
plane  sections  or  that  there  are  effects  of  beam 
divergence  of  the  source.  Paint  thickness  and  sur¬ 
face  roughttets  are  not  specified.  The  low  value 
of  normal  reflectance  (9i  0)  on  painted  metal 

could  be  due,  at  least  in  part,  to  losses  in  the 
paint  layer  from  Debye  relaxation  of  the  dielec¬ 
tric;  however,  surface  roughness  could  also  be 
responsible  for  losses  through  notupecular  scat¬ 
tering.  Measurements  of  edh  by  gonioreflectom- 
eter  instruments  are  needed  to  determine  the  loss 
mechanisms. 

Blue  and  Perkowitz”  have 
measured  the  reflectivity  of  several  common 

"M.  D.  Bliu  mul  S,  Ptrkowltt,  RtfUctivIl^  of  Common  MuMrtaU  In 
(Iw  ^brntlUmthfr  Rtflon,  IEEE  Tnmi.  on  Microwatt*  Ttuory  and 
Ttek.  ttol.  MTT-25  (1977),  491-49]. 


materials  at  near  normal  incidence  (9}  *  12  deg) 
for  wavelengths  of  50  to  500  ftm.  The  results  are 
shown  in  figure  VI-40.  Large  differences  are  seen 
to  occur  in  the  500-Mm  range. 

V/-5.4  Atmospheric  Emiuion  Model 

One  may  expect  nonacattering 
gases  to  emit  NMM  wave*  in  accordance  with 
thermodyrumic  laws.  Let  the  spectral  transmit¬ 
tance  through  a  homogeneous  gas  be  given  by 

t<A,  z)  -  ,  (32) 

where  a(X)  -•  spectral  absorption  coefficient  and 
z  -•  diiUncc  throuaK  the  ga*. 


0.1  i.e  10.0 


WAVaLINOTH  limni 

Figure  V1-3S.  Spectral  specular  reOectance  of  painted  steel  calculated  with  Debye  relaxation  time  a*  paranwter. 
Paint  thickness  of  0.1  nun. 


Fi|ur«  Vl-M.  RiUHvt  nflacUnci  vtnut  Inddtni 
•nth,  k  *  O.M  mm, 


The  transmittance  through  a  very  thin  layer  of 
such  gas  is 

-  1  -  ii{k)£kt  .  (33) 

Since  no  scattering  occurs,  the  emissivity  of  the 
thin  gas  layer  must  be  by  Kirchoff's  law, 

i(A,/Vz)  -  1  -  t(A,  *)  -  •(A)Ai  .  (34) 

The  contribution  to  upward  and  downward 
flowing  spectral  flux  density,  AEv(W/m’-Hz),  is 
given  by  Planck's  radiation  law, 

ABv(i)  -  i(A,  At)MvlA,T(*)l  ,  (35) 

where  Mv[A,  T(z)l  ■  Planck's  radiation  formula 
for  the  temperature,  T,  at  altitude  z.  The  radia¬ 
tion  from  such  a  layer,  which  contributes  to  exo- 
atmospheric  upward  spectral  flux  density, 
AEv(exo),  is  then 


Flgun  VI-97.  Relativ*  reflectance  versus  Inddsnt 
angle,  A  0.S9  mm. 


AEylexo)  “  AEv(*)'t(*,oi>)  ,  (34) 

where  T(z,ao)  is  the  transmittance  from  altitude, 
z,  to  an  exoatmospheric  altitude.  The  radiation 
from  such  a  layer,  which  contributes  to  down¬ 
ward  spectral  flux  density  AEy  (sea)  at  sea  level  is 

AEv(iea)  -  AEv(*)'t(0,z)  ,  (37) 

where  t(0,  z)  is  the  transmittance  from  sea  level 
to  z. 

The  sum  of  the  contributions  of  all  such  layers  at 
all  altitudes,  z,  yields  the  expected  atmospheric 
emission  observed  either  moving  upward  at  an 
exoatmospheric  altitude  or  downward  at  sea 
level. 

Thus, 
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Ev<«o)  -  /  ■(A)dz  MvU,  T<*)1t(x,  «)  ,  (35) 

0 

and 

00 

Ev  (tea)  —  /  •(i)  dz  MylA,  T(z)|t(0,i)  .  (39) 

0 

The  total  upward  Hpectral  flux  deniity  observed 
at  an  exoatmospheric  altitude  must  include 
radiation  from  the  earth's  surface  so  that 

Ey(txo,  total)  ••  Ev(exo) 

+  t<0,<«>)1i(A,  t»rrain)Mv(A,  Tt«t,in) 

+  c(A.  t«rraln)Ey(i*a)l  .  (40) 

The  data  required  to  determine  the  spectral  flux 
density  include  the  temperature  profile  of  the  at¬ 
mosphere  which  changes  from  time  to  time  and 


place  to  place,  and  a  measurement  of  a(A)  as  a 
function  of  altitude, 

It  is  common  practice  for  a  first 
approximation  to  assume  a(A)  to  be  independent 
of  pressure  and  temperature  and  to  assume  uni¬ 
form  mixing  of  atmospheric  constituents  at  all 
altitudes;  however,  spectral  absorption  lines  do 
undergo  pressure  and  doppler  (temperature- 
dependent)  broadening,  and  neither  water  vapor 
nor  ozone  are  uniformly  mixed.  Furthermore, 
the  assumption  that  only  Planck's  radiation  for¬ 
mula  applies  ignores  the  possibility  of  nonther- 
mal  causes  of  radiation  such  as  photochemical 
processes  in  the  upper  atmosphere  and  transient 
decay  of  metastable  chemical  species  produced, 
for  example,  by  high-temperature  exhausts.  The 
source  of  possible  surprises  in  atmospheric  emis¬ 
sion  lies  in  the  possible  existence  of  such  "non- 
Planckian"  sources. 
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Figure  VI-40.  Normal  reflectivity  (In  percent)  for  common  materlali.  Included  arc  normally  oxidized  aluminum 
aurfacc  (At),  aluminum  aprayed  with  flat-black  paint  (black  paint),  olive  drab  paint  on  braaa  (OD  paint),  freehly 
cut  blade  of  grata  (graw)  and  rutty  Iron  turface  (rutt). 

Vl-d.  SUMMARY  The  measured  peak  scattering 

areas  at  94  GHz  are  not  significantly  larger  than 
VI  6.1  Discrete  Targets  those  found  at  X-band.  Since  the  measurements 

show  no  appreciable  increase  with  frequency,  the 
The  only  NMMW  target  cross-  roughness  of  the  targets  can  be  seen  to  be  assum- 
section  data  available  are  for  the  monostatic  case  ing  a  more  important  role  as  the  frequency  in¬ 
fer  tactical  targets  at  94  GHz  and  for  selected  creases.  This  behavior  is  expected  to  continue 
targets  at  140  GHz.  (These  latter  data,  which  are  into  the  NMMW  region, 
classified,  have  not  been  included  in  this 

volume.)  Conclusions  about  other  target  cross  Vl-6.2  Background 

sections  at  NMMW  frequencies  can  be  obtained 

at  this  time  only  by  extrapolation  from  the  35- to  Monostatic  measurements  of 

94'GHz  region  and  by  mathematical  modeling.  background  cross  sections  have  been  made  up  to 
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94  GHz.  A  imall  amount  of  data  has  been 
reported  by  BRL  at  140  GHz.  A  model  developed 
for  measurements  taken  at  less  than  10  GHz  was 
extended  to  obtain  agreement  with  data  taken  at 
94  GHz.  Because  no  other  Information  is 
available,  this  model  was  extended  to  350  GHz  to 
give  an  estimate  of  Oq  as  a  function  of  depression 
angle. 

The  only  data  available  for  bi- 
static  measurements  are  four  Independent  meas¬ 
urements  made  at  a  wavelength  of  3  cm.  In  the 
absence  of  data,  one  must  auume  that  the  bi¬ 
static  data  ara  wavelength  Independent  in  order 
to  obtain  order  of  magnitude  estimates  of  oq. 
Making  this  assumption  gives  approximate 
values  of  Oq  of  -5  to  5  dB  for  smooth  surfaces 
near  specular  and  -10  dB  for  rough  surfaces  near 
specular.  In  the  NMMW  range,  one  must  expect 
moat  surfaces  to  appear  rough.  The  extrapola¬ 
tion  of  oo  values  for  terrain  may  be  seriously  in 
error  if  the  Debye  relaxation  phenomenon  and 


molecular  absorption  appear  in  the  NMMW 
range. 

VI-6,3  Material  Properties  and  Modeling 

Modeling  techniques  that  have 
been  applied  with  some  succeu  at  lower  frequen¬ 
cies  are  unconfirmed  in  the  NMMW  region.  The 
attempts  made  in  this  report  at  modeling 
material  properties  suggest  that  significant  vari¬ 
ations  in  electromagnetic  properties  can  occur  in 
the  near-millimeter  range.  Pew  experimental 
measurements  on  materials  are  available,  thus 
preventing  confirmation  of  the  modeling  predic¬ 
tions  made  in  this  report. 

The  emission  of  the  standard  at¬ 
mosphere  can  be  predicted  with  available 
models;  however,  the  understanding  of  emission 
due  to  plumes  and  their  interaction  with  the 
upper  atmosphere  will  require  considerable  ef¬ 
fort. 
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VIH.  INTRODUCTION 

This  chapter  briefly  dlicusses  lome  of 
the  methQdt,  technology,  and  current 
capabilities  for  obtaining  data  on  propagation 
and  target/background  characteriitics.  Included 
arc  detailed  deecriptione  of  leveral  laboratory 
and  field  faciUtiee  which  have  major  experimen¬ 
tal  program!.  In  addition,  the  editors  have  pro¬ 
vided  a  detailed  listing  of  institutions  involv^  in 
the  experimental  aspects  of  NMMW  propagation 
and  target/background  characteriution.  Areas 
of  investigation  and  points  of  contact  are  in¬ 
cluded. 


VIM.  INSTRUMENTATION 

V//-2.1  Propagation  Measurements 

The  measurement  of  attenuation 
at  NMM  wavelengths,  as  influenced  by  gases  and 
aerosols  in  the  open  atmosphere,  is  not  a  task  to 
be  approached  with  abandon;  this  appliec  to 
measurements  on  both  terrestrial  and  earth-space 
paths.  Accurate  measurements  are  difficult  to 
obtain  because  of 

(1)  Errors  involved  in  the  system 
used  to  observe  the  attenuation  Itself,  since  this  is 
a  variable  quantity  that  depends  on  the  amount 
of  water  vapor,  fog,  snow,  rain,  or  clouds  on  the 
propagation  path.  It  Is  knowledge  ot  both  the 
variability  and  the  absolute  value  that  is 
necessary  for  system  design. 


solute  value  (rather  than  just  the  variability)  of 
the  attenuation  is  even  more  challenging.  Of 
course,  within  the  laboratory,  these  factors  are, 
to  a  great  extent,  under  control. 


An  accurate  technique  of  outdoor 
measurement  is  illustrated  in  figure  Vll-l(a), 
which  shows  two  trihedral  comer<cube  reflec¬ 
tors,  Ri  and  Ri,  at  ranges  di  and  da  from  an 
antenna.  The  antenna  is  equipped  with  a  simple 
small  radar.  Initially,  Ri  and  Ri  are  located 
beside  each  other  and  their  relative  reflecting  effi¬ 
ciencies  are  calibrated  by  altematrly  covering  the 
reflectors,  with  a  totally  absorbing  material.  For 
well-constructed  reflectors,  this  calibration  can 
be  obtained  to  an  accuracy  within  0.1  dB.  The 
reflectors  are  then  located  as  shown  in  figure 
VII-1,  at  a  separation  of  about  1  km.  Since  the 
separation  can  be  measured  accurately,  and  the 
relative  free-space  attenuation  to  the  two  reflec¬ 
tors  can  be  calculated,  the  absolute  value  of  the 
attenuation  on  the  path  (di  -  di)  between  R|  and 
Ri  is  obtained  by  alternately  interrogating  the 
reflectors  with  the  radar  and  measuring  the  ratio 
of  the  received  powers. 
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(2)  Errors  in  measurement  of  the 
parameters  of  the  gases  and  aerosols  (e.g.,  densi¬ 
ty,  etc.)  that  give  rise  to  the  attenuation. 

On  a  terrestrial  path,  it  is  tempt¬ 
ing  simply  to  instrument  a  transmitter  and 
receiver  for  observing  attenuation.  However, 
stability  of  the  electronics  and  variability  in  the 
performance  of  the  antennas  under  various 
weather  conditions  are  factors  that  seriously 
limit  the  accuracy  and,  therefore,  the  credibility 
of  the  data.  Further,  measurement  of  the  ab- 


Figure  VII-1.  (a)  Siting  arrangsnwnt  for  atmosphtric 
abiorption  mtasursmenti  and  (b)  trammlttsd  and 
rcflacltd  fraqutncy-modulated  signal.  A.  B. 

Crawfoni  unit  D.  C.  Hoxg,  Bell  System  Tuehiilcal 
/ounial,  vol,  35  (July  i9S6),  907- VJ6, 

The  radar  can  be  efficiently 
operated  with  a  single  cw  low-power  oscillator, 
using  the  sawtooth  frequency-modulation 
technique  illustrated  in  figure  Vll-l(b).  Part  of 
the  transmitted  signal  is  used  as  the  local- 
OBcillator  pum^  at  the  converter;  the  delayed 
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signal  reflected  from  Rt  and  Ri  (shown  dashed  in 
the  figure)  results  in  an  intermediate  frequency, 
f,  as  shown.  In  changing  from  one  reflector  the 
other,  the  amplitude  of  the  frequency  modula* 
tion  is  kept  constant  to  ensure  no  change  in 
transmitted  power.  Only  the  period  of  the  sweep 
is  changed  in  the  ratio  of  di  to  di,  which  results  in 
the  same  intermediate  frequency  for  the  two 
cases.  This  method  has  been  used*  successfully  to 
measure  absorption  by  oxygen  over  the  50*  to 
60-GHz  band.  An  example  of  the  measurement 
of  atmospheric  attenuation  at  70  and  80  GHz 
(wavelengths  of  4.3  and  3,8  mm)  la  shown  in 
figure  Vll‘2.  About  one  year  is  needed  to  take 
such  data  (from  the  cool  dry  days  of  early  winter 
through  humid  summer  conditions).  The 
dependence  of  attenuation  on  waten-vapor  con¬ 
tent  appears  to  have  a  strong  quadratic  compo¬ 
nent,  as  Indicated  by  the  curves  in  figure  VII-2. 
The  intercepts  of  the  curves  at  zero  water  vapor 
are  the  attenuations  by  oxygen.  Attenuation  by 


Figure  VU‘2.  Meatund  dfpendtiMa  of  terrnMal  path 
(1.5  km)  abtorpdon  on  absolute  humidity. 


fog,  rain,  and  snow  can  also  be  measured  with 
this  method. 

Outdoor  measurements  using 
frequency-modulated  lasers  and  trihedral  comer 
reflectors  are  being  extended  to  the  far  infrared  at 
Redstone  Arsciul  (infomwtion  from  W.  L, 
Gamble,  MIRADCOM).  Basically,  this  tech¬ 
nique  for  measuring  absorption  involves 
m<^ulating  the  wavelength  of  the  incident  radia¬ 
tion  while  slowly  sweeping  the  average  frequen¬ 
cy  over  an  absorption  line.  Synchronous  detec¬ 
tion  is  then  used,  with  the  modulation  essentially 
differentiating  the  absorption  line.  With  this 
technique,  relative  spectral  attenuation  can  be 
measured  with  very  high  precision  over  short 
paths.  This  eliminates  such  effects  as  at¬ 
mospherically  induced  scintillation,  diffraction 
corrections,  and  detector  nonlinearity,  which 
limit  the  precision  of  propagation  uieasurements. 
Even  detector  spectral  sensitivity  effects  and 
source  amplitude  fluctuations  correlated  with  the 
frequency  modulation  can  be  elimiiuited  by  using 
the  same  receiver  (with  a  suitable  switching  ar¬ 
rangement)  for  monitoring  both  the  transmitted 
and  propagated  beam.  Unfortunately,  con¬ 
tinuously  tunable,  freinuency  modulatable 
sources  are  not  available  \^th  reasonable 
amplitude  stability  over  significant  portions  of 
the  NMMW  spectral  region, 

The  abundance  of  single  spectral 
lines  obtainable  from  NMMW  lasers  does  allow 
such  measurement  techniques.  MIRADCOM  has 
set  up  the  following  experimental  apparatus  for 
accomplishing  the  above.  Two  ordinary  FIR 
lasers  have  been  fabricated  in  the  same  Invar 
stabilized  optical  structure.  Such  a  system  as  that 
shown  in  figure  VlI-3  (using  different  gases  with 
NMMW  laser  lines  differing  by  only  a  few  per¬ 
cent  in  wavelength)  will  allow  high-precision 
measurements  over  short  paths  with  very  small 
errors  due  to  correcdon  for  diffraction  effects. 
There  are  adequate  known  laser  littes  in  the  at¬ 
mospheric  windows  to  render  this  technique  very 
useful. 


'it.  II.  Cmwforil unii  D,  C,  Hott,  Mtatunminl  of  Almoiphtrlc  At- 
k’hualhn  nl  MWImoltr  tVavtUntlhi,  Bill  Syiltm  Ttchnlcal  faurml, 
vol.  VS  duty  WMJ,  907-16. 


Interferometric  techniques  have 
been  employed  for  absorption  measurements 
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both  in  the  laboratory  and  in  the  field.  Burch’ 
describes  H|0  absorption  measurements  be¬ 
tween  approximately  12.6  and  36.0  cm*'. 
Samples  of  either  pure  HiO,  HiO  -f  Ni,  or  air 
were  contained  in  a  multiple-pass  absorption  cell 
in  which  the  optical  path  length  varied  from  121 
to  469  m.  Total  pressure  varied  from  approx¬ 
imately  2.5  torr  to  1  atm,  with  values  of  HaO  ab¬ 
sorber  thickness  between  0.03  and  0.6  g/cm’.  By 
employing  the  different  samples,  it  was  possible 
to  investigate  the  seif-broadening  of  the  HjO 
lines  as  well  as  the  broadening  of  Ni  and  air. 


Figure  Vll-3,  Absorption  measuring  system. 


A  high-pressure  Hg-arc  lamp  with 
the  glass  envelope  removed  served  as  the  radia¬ 
tion  source.  A  chopper  blade  that  consisted  of  a 
12’mm  thick  crystal  of  NaCl  chopped  the  energy 
beam  at  13  Hz.  The  NaCI  was  nearly  transparent 
for  V  >  60U  cm‘‘  and,  therefore,  only  slightly 
modulated  the  energy  at  these  high  wave- 
numbers.  Screens  and  polyethylene  filters  further 
reduced  the  sensitivity  of  the  instrument  to  high 
wavenumbers  energy  so  that  it  would  not  in¬ 
terfere  with  the  measurement  of  the  low-level 
energy  of  interest  at  low  wavenumbers.  A 
gallium-doped  germanium  bolometer  cooled  by 
liquid  helium  detected  the  chopped  energy.  The 
detector  output  was  amplified  and  demodulated 
by  a  synchronous  demodulator  and  displayed  on 
a  strip-chart  recorder. 

After  I  assing  through  the  sample 
cell,  the  energy  beam  was  incident  on  a 
Michelson  interferometer  with  a  Mylar  beam 
splitter.  One  of  the  interferometer  mirrors  was 
moved  in  steps  by  a  prec.  Ion  screw.  An  interfer- 

'D,  £.  Burch,  Ahiarptlan  oflnfmrtil  Radiant  Efiprjy  COi  and  H,0. 
Ill,  Ahiorpthn  btiwttn  O.S  and  36  cm-'  (276  fi'"  «>  2  cm),  loumal  of 
Iht  Optical  Socitty  of  Amttiea,  val.  SB,  no.  10  (IBOB).  1362-1394. 


ogram  consisting  of  a  plot  of  amplifier  output 
versus  mirror  position  was  recorded  for  each 
sample  and  for  the  sample  cell  evacuated.  A 
computer  was  used  to  calculate  the  Fourier  trans¬ 
form  of  each  interferogram  to  obtain  a  spectrum 
proportional  to  energy  versus  wavenumber.  The 
transmittance  of  a  sample  at  a  given 
wavenumber  was  determined  from  the  ratio  of 
the  energy  observed  at  the  wavenumber  with  the 
sample  cell  to  that  observed  with  the  cell 
evacuated. 

The  spectrum  of  each  sample  was 
compared  with  calculated  spectra  based  on 
theoretical  pbsitions,  strengths,  and  widths  of 
the  HiO  lines.  The  absorption  observed  in  the 
windows  was  greater  than  that  predicted  by 
theory. 

On  earth-space  paths,  the  best 
quantitative  propagation  measurements  are 
made  using  beacons  operating  at  the  desired 
wavelength  mounted  in  an  earth-synchronous 
satellite.  Attenuation  measurements  can  also  be 
made  using  the  sun,  but  these  result  in  question¬ 
able  statistics  of  attenuation  because  of  the  ever- 
changing  angle.’  Passive  radiometers  can  also  be 
used  to  measure  attenuation  on  fixed  earth-space 
paths  by  virtue  of  the  natural  emission  of  any  ab¬ 
sorbing  constituent  on  the  path.  To  obtain  truly 
quantitative  results,  such  measurements  are  com¬ 
pared  with  independent  measurements  of 
temperature  and  water  vapor  taken  by 
radiosonde’  and,  for  clouds  and  rain,  by  radar.  ‘ 

V//-2.2  Meteorological  Measurements 

Measurement  of  water  vapor  in  the 
free  atmosphere  has  long  been  a  challenge  to 
meteorologists  and  physicists.  The  main  difficul¬ 
ty  has  not  been  to  construct  a  device  that  is  sensi¬ 
tive  to  water  vapor.  Father  it  is  a  matter  of  pro¬ 
ducing  a  device  that  will  measure  over  the  com- 

‘D,  C.  Hogg  and  T,  S.  Chu,  Thu  Rolt  of  Rain  (n  Saltllllt  Com- 
mmlcathna,  IEEE  Proettdings,  vol,  63,  9  (Sepitmhar  197S), 
1306-1331. 

'M.  T,  Dackcr,  E,  R,  iVnIwaltr,  and  F,  O,  Gulraud,  Microwave 
Scfiulng  of  Atmotpheric  7'amptrature  and  Watar,  hlavy  Workshop  on 
Ramota  Sensing  of  Marine  Boundary  Layer,  Vail,  CO  19-11  August 
1976). 

*B.  /.  Mason,  The  Physics  of  Clouds,  Clarendon  Press,  Oxford 
(1957). 
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piete  range  from  0-  to  100-percent  relative 
humidity,  independent  of  temperature  and  other 
environmental  effect*,  and  maintain  calibration 
over  long  period*.  Economy  i*  al*o  a  *ignificant 
factor  in  application*  *uch  a*  radio*onde*.  For 
terrestrial  monitoring  of  water-vapor  content, 
the  *o-called  dew-point  hygrometer  i*  perhaps 
the  best  compromise  In  the  context  of  outdoor 
propagation  measurement*.  It  operates  on  the 
principle  of  equilibrium  between  a  saturated  gas 
and  condensation  on  a  cooled  surface.  These 
devices  now  incorporate  thermoelectric  cooling, 
optical  sensing  of  condensation,  and  electronic 
f^back  circuitry,  resulting  in  high  reliability, 
infrequent  need  for  calibration,  and  good  ac¬ 
curacy  and  sensitivity.  For  earth-space  propaga¬ 
tion,  the  comparisons  are  made  with  data  ob¬ 
tained  by  radiosonde,  the  conventional 
humidity-measuring  instrument  being  the 
hygristor;  these  are  fairly  accurate  at  medium  to 
high  relative  humidities,  but  more  research  is 
needed  to  provide  a  device  covering  the  entire 
range. 

Measurement  of  fog  involves 
monitoring  of  two  major  parameters:  the  drop- 
size  distribution  and  the  number  of  drops  per 
volume.  For  direct  measurement  of  particle  sizes 
in  clouds,  various  Impact  and  photographic 
methods  have  been  us^,  and  the  density  of 
water  is  commonly  measured  by  transmis- 
someter. 

The  sizes  of  clouds  and  their  rela¬ 
tively  short  lives  demand  the  use  of  an  airplane 
as  a  sampling  platform.  The  following  are  some 
of  the  more  acceptable  methods  of  liquid-water- 
content  measurement. 

Impaction  and  Replication  In¬ 
struments  .—A  suitable  exposed  surface  records 
the  impressions  of  shapes  of  the  particles;  data 
reduction  is  time-consuming.  Problems  arise 
with  determinatin  of  the  collection  efficiency  of 
the  sampler  and  calibration  of  the  Impressions. 
Slide  coatings  can  from  oil,  magnesium  oxide, 
and  carbon  film,  to  gelatin.  Cloud  samplers  such 
as  the  modified  (now  two-stage)  May  impactnr 


described  by  Garland  can  be  used  to  measure  the 
liquid  water  content  by  summing  the  total 
number  of  droplets  captured  in  a  measured 
volume  of  air. 

The  above  are  not  suitable  for  col¬ 
lecting  larger  droplets.  Foil  impactors  are  used 
to  measure  large  droplets,  such  as  raindrops, 
with  radius  greater  than  100  fim. 

Replicating  instruments  use  the 
Formuar  technique  to  capture  the  droplets  per¬ 
manently.  Details  on  samplers  and  replicators 
are  given  by  Spyers-Duran.* 

Knollcnberg  Optical  Probes  .—The 
liquid  water  content  is  calculated  through  the 
measurement  of  the  number  of  particles  over  £he 
specified  size  ranges  of  the  instrument.  The 
theory  of  operation  of  this  device  is  given  by 
Knollenberg.'  The  instrument  should  be 
calibrated  with  water  drops  of  known  size  before 
accurate  measurements  of  liquid  water  content 
can  be  determined  from  the  particle-sire  counts. 

Ho^t-Wire  Liquid  Water  Content 
Instruments  .—The  most  common  device  for 
measuring  liquid  water  content,  the  Johnson- 
Williams  hot-wire  device  described  by  Neel,'  is 
accurate  for  cloud  droplets  less  than  about  20  ^m 
in  radius,  but  it  becomes  saturated  for  a  liquid 
water  content  greater  than  about  3  g/m'  and  has 
a  lower  limit  of  about  0.05  g/m’.  A  disadvantage 
of  most  hot-wire  devices  is  the  change  in  calibra¬ 
tion  because  of:  cooling  when  they  are  operated 
in  mixed-phase  clouds.  Cooling  due  to  rapid  fluc¬ 
tuations  in  air  speed  caused  by  turbulence  will 
also  cause  errors  in  calibration. 


*P.  5^yar$’DuraM,  Mtuauring  tht  Sttt,  Conctntralhn,  and  Struc¬ 
tural  Prof)trtlg$  of  Hyiiromgttors  In  Chuda  hnpactor  and  RtpU- 
eating  Deoiatg,  Atmoipharic  Ttchnology.  6.  NCAR  (1976),  S-9. 

'K.  G.  Knolhnbirg,  Tht  Optical  Arrayt  An  AUtmalive  to  Sratttr- 
Ing  or  Extinction  for  Airbomt  Particlt  Size  Determination,  Journal  of 
Applied  Meteorology,  uo/.  9  (1970),  86-103, 

*C.  B.  Neel,  A  Heated-Wire  Uquld-Water  Content  Intirument  and 
HesuUe  of  Initial  Flight  Teete  In  Icing  Conditions.  NASA  Research 
Memorandum  KM  4S4123  (19S5). 
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Lym«n-Alph«  Liciuid  VVater  Con¬ 
tent  Bviporation  Instrument  .—Wexltr  and 
Rusl^in*  and  Ruiktn'*  discuss  a  liquid  water  con¬ 
tent  meter  bated  on  evaporation,  which  employs 
a  vapor  density  tensor  in  which  water  vapor 
causes  light  absiorption  in  the  spectral  line  of 
atomic  hydrogen  at  A  ■>  121.56  nm.  These 
devices  provide  a  direct  measure  of  water  con¬ 
tent  in  all  three  phases.  However,  operation 
with  a  dew  point  hygrometer  is  necessary  in 
order  to  subtract  the  vapor  density.  Thus,  the  in¬ 
strument  will  operate  most  accurately  at  a 
relatively  low  temperature  (near  0  C)  where  the 
liquid  water  content  probably  exceeds  that  of  the 
vapor.  An  instrument  with  a  single  sensor  which 
time  shares  the  response  due  to  the  liquid  water 
and  the  vapor  is  currently  being  developed  at  the 
Naval  Research  Laboratory.  The  Lyman-Alpha 
evaporation  Instrument  has  been  manufac- 
turered*  for  aircraft  measurement  of  total  liquid 
water  content.  The  response  time  of  th^  instru¬ 
ment  as  given  by  Ruskln  is  a  few  hundredths  of  a 
second,  which  is  an  obvious  advantage  for  flight 
measurements  through  clouds. 

Rain  Characterization.— Good 
technique  exists  for  measurement  of  point  rain 
rate.  Even  the  classical  collecting  rain  gauge  can 
be  used  to  derive  rain  rate  fairly  accurately  by 
simply  taking  the  derivative  of  the  recorded 
amount  with  respect  to  time.  Tipping-bucket 
gauges  are  reliable,  but  become  Increasingly  in¬ 
accurate  at  high  rates.  Flow  gauges  which 
measure  electrical  capacitance  as  a  function  of 
rain  intensity  have  a  rapid  response  time  and  can 
measure  high  rain  rates,  but  frequent  calibration 
is  required.  Knollenberg,  photographic"  and  op¬ 
tical  transmission**  methods  can  be  used  to 
measure  drop-size  distribution  of  rain. 


M.  WtxUr  and  R.  E.  Ru<Ein,  Humidity  and  Mali lun,  vol.  I,  PHn- 
clpWs  and  Mtihodi  of  Mtaiurlng  Humidity  In  Cowi.  KtInHold 
Puhlbhlng  Corporation,  Sno  York  <196S). 

“R.  £.  Klukln,  Liquid  Walar  Conltnt  Dtolcaa,  Almoipluilc 
Taehnologfi,  S  (1976), 

"E.  A  MutIUrand  A.  L.  SImt,  Thainflutnci  of  Sampling  Volume  on 
RaIndrop-SIxe  Spfcirn,  Proceedingi  of  the  12lh  Conference  on  Radar 
Meteorology  (October  1966),  135. 

“TIng-l  Wang  and  S.  F.  Clifford,  Uee  of  Rainfall-Induced  Optical 
Sclntlllatlone  to  Meaiure  Palh-Auenged  Rain  Paramelert,  /uumal  of 
the  Optical  Soclely  of  America,  vol,  63,  S  (Auguat  1975),  927-37, 
‘NRL  Lyman-Alpha  Inalrument  manufactured  by  General  Eatlern 
Corp,,  SO  Hunt  St,,  Watertown,  MA  02172, 


Vll’2.3  Radiometric  and  Radar 

Measurements 

As  early  as  1956,*’  an  extensive  set 
of  measurements  was  reported  at  8.5  mm  on  the 
emitting  and  reflecting  properties  of  common 
surfaces  such  as  grass,  gravel,  blacktop,  shrub 
growth,  and  water,  along  with  millimeter-wave 
photographs  of  large  metal  objects  such  as  ships. 
The  technique  involved  use  of  a  traditional  Dicke 
radiometer  which  measured  brightness  tempera¬ 
tures  on  an  antenna  scanned  over  a  solid  angle 
several  degrees  squared.  These  data  contain  the 
characteristics  of  radiometric  backgrounds. 

In  measuring  either  radiometric  or 
radar  backgrounds,  rather  than  scanning  an 
antenna  beam  mechanically,  it  is  tempting  to  in¬ 
vestigate  phased  arrays  which  provide  a  change 
in  the  direction  of  the  beam  by  the  introduction 
of  appropriate  phase  shifts  in  the  transmission 
lines  feeding  the  elements  of  the  array.  However, 
in  the  millimeter  and  NMMW  bands,  the  high 
losses  and  low  antenna  efficiencies  presently 
achieved  make  arrays  unsuitable  for  radiometry. 
But  significant  advances  have  been  made  recent¬ 
ly  on  beam  scanning  using  dual-icflector  antenna 
systems;  in  that  case,  motion  of  a  relatively  small 
feed  may  provide  scanning  over  a  significant 
solid  angle  for  either  radiometric  or  radar 
systems. 

The  direct  field  measurement 
method  of  determining  the  radar  cross  sections 
of  discrete  targets  and  backgrounds  is  often  cost¬ 
ly,  and  the  results  for  one  target  or  background 
may  not  be  readily  extended  to  others.  A  supple¬ 
mentary  method  involves  development  of  a 
mathematical  model  of  the  Interaction  of  NMM 
waves  with  the  common  material  components 
which  make  up  the  target  or  background.  The  in¬ 
teraction  of  NMM  waves  with  components  is 
measured  in  the  laboratory.  The  appropriate 
cross  sections  are  then  calculated  by  computer. 

A  limited  set  of  field  measurements 
is  required  to  verify  the  model.  Once  the  model 

**D.  H.  Bfll  Ttli'ffham  Laboratorfgs,  Final  Report 

AF’S9‘(222)‘45S  to  Lincoln  Laboratories  (rtltased  1962). 


133 


hai  been  vertfted,  the  model  may  be  applied  to 
target!  and  backgroundt  which  (all  within  the  ex¬ 
treme*  o(  the  verification  teats.  An  additional  ad¬ 
vantage  is  accrued  in  the  use  of  the  mathematical 
models  in  that  they  may  be  utilized  to  arrive  at 
much  more  general  statements  concerning  the 
cross  sections  of  a  class  of  targets  and 
background*. 


VU-3.  RECOMMENDATIONS 

Laboratory  measurements  of  water  vapor 
attenuation  with  emphasis  on  window  regions  of 
low  attenuation  are  needed  to  determine  basic 
physical  properties: 

(a)  Pure  HaO  at  different  pressures  to 
determine  self-broadening 

(b)  HaO  mixed  with  dry  air  at  different 
pressures  to  determining  broadening 

(c)  Both  (a)  and  (b)  over  a  wide  range  of 
temperatures  typical  of  the  atmosphere 

(d)  Careful  measurements  of  samples  of 
pure  HaO  and  of  HaO  +  Na  with  HaO  partial 
pressure  at  and  near  saturation 

Accurate  field  measurements  on  attenua¬ 
tion  in  the  lower  atmosphere  are  vital.  These 
measurements  are  needed  to  provide  comparison 
with  the  laboratory  measurements.  The  priority 
assigned  to  each  type  of  measurement  will  de¬ 
pend  on  its  Impact  of  potential  applications.  For 
example,  if  laboratory  measurements  at  a 
wavelength  of  Interest  indicate  significant 
anomalous  absorption  near  saturation,  field 
measurements  designed  to  check  this  should  be 
given  high  priority.  Also,  single-frequency  meas¬ 
urements  might  be  made  with  a  particular  source 
or  detector  that  shows  promise  in  a  system.  Such 
measurements  would  provide  a  check  for  absoip- 
tion  mechanisms  that  may  have  been  over¬ 
looked.  However,  tests  of  this  sort  should  be 
assigned  low  priority  because  of  the  large 
number  of  laser  and  other  single-frequency 


sources,  unleM  the  source  is  powerful  enough 
and  particularly  adaptable  to  a  specific  applica¬ 
tion  of  interest. 

Analytical  and  theoretical  work  based  on 
the  above  measured  results  and  previous  meas¬ 
urements  of  attenuation  by  water  vapor  is 
needed  to 

•  Develop  an  empirical  model  that  ac¬ 
counts  for  affects  of  self-broadening, 
nitrogen  broadening,  and  temperature 
variations  so  that  different  atmospher¬ 
ic  conditions  can  be  accounted  for 
reliably. 

•  Develop  a  theoretical  model  based  on 
the  strengths,  positions,  widths,  and 
shapes  of  the  HjO  lines.  Most  atten¬ 
tion  should  be  given  to  the  shapes 
because  they  are  least  understood. 
Contributions  by  any  anomalous  ab¬ 
sorption  factor*  should  also  be  con¬ 
sidered  in  this  theoretical  treatment. 

Laboratory  measurements  on  attenuation 
by  minor  constituents  can  be  made,  but  these  are 
of  low  priority  in  view  of  most  of  the  applica¬ 
tions  of  interest  to  the  study  panel. 

Field  measurements  at  NMM  wavelengths 
of  interest  need  to  be  made  under  adverse 
weather  conditions,  in  particular,  fog,  snow, 
dust,  and  light  rain.  It  is  preferable  that  these 
measurements  be  made  continuously  so  that 
statistics  of  attenuation  can  be  obtained  in 
climates  of  interest;  appropriate  instrumentation 
for  measurement  of  meteorological  parameters 
form  part  of  these  observations. 

For  earth-space  applications,  NMMW 
radiometric  systems  are  required  to  determine  at¬ 
mospheric  thermal  background  and  attenuation. 
These  measurements  should  be  accompanied  by 
radiosonde  data  for  comparison  and  interpreta¬ 
tion.  With  appropriate  improvement  in 
technology,  a  NMMW  source  could  be  launched 
to  provide  a  synchronous  satellite  beacon. 


Quantitative  field  measurements  are 
needed  on  both  radiometric  and  radar 
backgrounds  during  various  weather  condittuns. 


VIM.  FACILITIES 

The  following  list  of  laboratory  and  field 
facilities  represents  a  sampling  of  the  more  signi¬ 
ficant  national  facilities  tliat  are  currently  avail¬ 
able  for  the  shidy  of  the  NMMW  atmospheric, 
target,  background,  and  radar  technology. 

VII~4.1  Laboratory  FacUitiea 

Various  laboratory  facilities  exist 
for  the  investigation  of  NMMW  absorption  in 
gases.  Some  of  the  better  equipped  of  these  are 
discussed  in  the  following  paragraphs, 

Ford  Aerospace  and  Commutr- 
ications  Corporation  .— Tnis  facility  has  a  well- 
equipped  laboratory  for  the  investigation  of  in¬ 
frared  and  NMMW  absorption  by  gases.  Among 
the  facilities  is  a  multiple-pass  absorption  cell 
that  can  be  used  at  path  lengths  up  to  more  than 
1  km.  Samples  of  a  pure  absorbing  gas  (such  as 
pure  H,0)  or  of  a  mixture  of  gases  can  be  con¬ 
tained  in  the  cell  at  pressures  from  less  than 
10'*  atm  to  more  than  2  atm.  The  cell  can  be 
heated  and  controlled  at  any  desired  temperature 
up  to  65  C.  A  variety  of  windows  makes  it  possi¬ 
ble  to  investigate  the  absorption  from  the  visible 
to  the  NMMW  region. 

Ford  also  has  a  set  of  versatile 
computer  programs  to  calculate  the  infrared  and 
NMMW  transmission  of  all  permanent  at¬ 
mospheric  gases.  The  listing  of  line  parameters 
compiled  by  AFGL  forms  the  basis  for  the 
calculations.  Various  parameters  such  as 
temperature,  total  pressure,  partial  pressure  of 
HtO  or  other  absorbing  gases,  and  path  length 
are  accounted  for.  Effects  of  continuum  absorp¬ 
tion  or  attenuation  by  particulates  can  also  be  in¬ 
cluded.  Tratumission  spectra  can  be  calculated 


and  plotted  as  they  would  be  observed,  with  in¬ 
finite  resolving  power  or  with  any  desired  spec¬ 
tral  resolution. 

Institute  for  Telecommunica¬ 
tions  Sciences  .—Measurements  ^ing  a 
microwave  Fabry-Perot .  resonator  have  been 
made  under  closely  controlled  temperature 
(<0.10  C)  and  pressure  conditions  to  investigate 
several  gases,  including  water  vapor  and  oxygen. 
The  cell  is  presently  operated  at  22,  30,  60,  94, 
and  120  GHz.  For  example,  both  absorption  and 
dispersion  of  pure  water  vapor  have  been 
measured  at  30  and  60  GHz  from  0  to  40 
torr,'^  and  empirical  relationships  have  been 
developed  for  the  pressure  and  temperature 
dependence,  the  former  evidencing  the  strong 
anomalous  quadratic  behavior.  However, 
measurements  on  air  of  various  relative 
humidities  have  not  yet  been  made,  although  the 
equipment  is  sensitive  enough  for  such  meas¬ 
urements.  Measurements  at  230  GHz,  would  re¬ 
quire  implementation  of  the  cell  with  1,3-mm 
waveguide  circuitry. 

The  Environmental  Research  In¬ 
stitute  of  Michigan  (ERIM)  .—A  microwave 
anechoic  chamber  the  size  of  a  small  auditorium 
and  operational  up  to  Ka  band  is  available;  it  is 
suitable  for  total  cross-section  measurements  of 
parts  of  vehicles.  A  gonioreflectometer— an 
automated  system  for  measuring  the  bidirec¬ 
tional  reflectance  of  small  plane  sections  of 
materials— is  also  available.  Both  coherent  and 
Incoherent  sources  are  bench  mounted  and 
directed  toward  the  rotatable  goniometer  plate. 
The  receiver  is  mounted  on  a  rotating  arm  so  that 
blstatic  reflection  may  be  measured  and  recorded 
on  a  punched  tape.  This  system  has  been  used  at 
10.6  Mm  and  shorter  wavelengths,  bui  nould  be 
extended  to  wavelengths  as  long  as  2  mm  with 
suitable  sources. 

“H,  I,  Lltbt,  Studio  of  Oxvs*N  utid  Wattr  Vapor  Mkrowavt  Sptc- 
tra  under  Simulaltd  Atmoepheric  Condlllom,  Office  of  Telecommunt- 
catlons  Report  OT  75-6S  dune  W5)i  avallablefrom  U.S.  Covemment 
PHnllng  Office,  Waehtnglon,  DC  20402, 
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Night  Vtoion  and  Elgctro-OpHcs 
Laborato^,  ERADCbM.— In  conjunction  with 
its  own  later  propagation  programs,  the  User 
technical  area  hat  develop^  a  3-m  indcx-of- 
refraction  cell  for  turbulence  simulation.  Such  a 
cell  might  be  used  for  laboratory  simulation  of 
turbulence  effects  for  NMMW  systems.  A  4-D 
computer  code  hu  been  used  for  supporting 
Army  laser  syitemi  which  are  adversely  affected 
by  turbulence.  This  code  could  be  readily 
available  for  the  NMMW  regime. 

A  6*m,  lS2.4-mm  diameter  test  cell 
used  for  laser  propagation  measurements  is 
available  and  has  bMn  designed  for  circulating 
aerosols  or  smokes.  Supporting  instrumentation 
includes  Royco  and  Whitley  particle  counters  as 
well  at  a  Thermo-System  monodisperse  particle 
generator.  Sources  of  NMMW  radiation  include 
an  Apollo  optically  pumped  cw  or  chopped 
NMMW  laser  and  multi-pulsed  optically 
pumped  NMMW  User  capable  of  both 
laboratory  and  field  tests.  Both  sources  can 
operate  throughout  the  lOO-pm  to  3-mm  band  by 
changing  the  pump  gas.  High-power  optically 
pumped  NMMW  sources  are  currently  under 
construction  for  both  laboratory  and  field  use. 

Smoke  Facilities  •  Laboratory 
work  with  smoke  has  been  conducted  in  a  test 
chamber  at  Edgewood  Arsenal  (now  the 
Chemical  Systems  Laboratory— CSL).  The 
chamber  is  instrumented  for  smoke  character¬ 
ization  and  optical  propagation  studies. 
Measurements  at  millimeter  wavelengths  have 
been  started  in  conjunction  with  the  Georgia  In¬ 
stitute  of  Technology. 

Atmospheric  Sciences  Labora¬ 
tory,  ERAPCOM  .—Facilities  at  the  Atmos¬ 
pheric  Sciences  Laboratory  at  White  Sands,  in¬ 
clude: 

•  A  21-m  White  cell  is  used  to  ob¬ 
tain  absorption  coefficients  for 
gaseous  trace  pollutants  by  obtaining 
transmittance  values  frx  two  cell  con¬ 
ditions— one  with  a  nonabsorbing 


medium  and  the  other  with  the  ab¬ 
sorbing  trace  pollutant  of  interest.  Ab¬ 
solute  transmittance,  the  ratio  of  these 
two  relative  transmittance  measure¬ 
ments,  yields  an  absorption  coefficient 
for  the  absorbiirg  medium. 

Temperature  range — ambient  to 
+100  C  (useful  workiitg  range) 

Pressure  range— 0  torr  to  2  atm 
absolute 

Path  length— 84  m  to  2.0  km 

This  cell  may  be  suitable  for  NMMW  use— pro¬ 
vided  the  beam  divergence  on  an  64-m  path 
could  be  controlled. 

•  Also  available  is  a  2-m  White 
cell  with  the  following  characteristics, 

Temperature  range— 20  to  100  C 
(useful  working  range) 

Pressure  range— from  the  torr  range  to 
2  atm  absolute 

Path  length— 8  to  168  m 

A  NMMW  beam  divergence  over 
8  m  should  be  no  problem. 

*  Aerosol  analyzers  are 
available  for  classification  and  sizing 
of  atmospheric  aerosol  concentra¬ 
tions. 

W/-4.2  Field  Facilities 

Various  facilities  are  available  for 
making  NMMW  measurements  in  the  field. 
Some  of  these  are  listed  in  the  following 
paragraphs. 

ERIM  . — BRIM  maintains  facili¬ 
ties  for  ntaking  microwave  images,  measure¬ 
ments  of  discrete  target  cross  section,  back- 


<^xoundi,  md  nuterial  propertiet  of  plane  Mc- 
/."s  (or  modeling  purpoecs.  .■“<  ground-baied 
re:  platform  it  available  th«.i inrge  enough 

io  rv'>i„r  military  vehidet  lighter  a  tank. 
Thy!  re/'^’nr  it  roof  mounted  to  that  or.e  msy 
meaturc  either  total  crow  tection  at  a  function  of 
azimuth  angle  or,  by  operating  in  the  tynmetic 
aperture  mode,  high  retolution  irnagea  of  the 
target. 

An  airborne  multiband  tyttem  hat 
been  completed.  It  operatet  in  a  mechanical  wan¬ 
ning  mode  with  pawive  vitiblc  and  near  infrared, 
thermal  infrared,  1.06-  and  10.6-pm  latert,  and 
94-GHz  millimeter  wave,  all  bore-iighted.  The 
beam  width  of  the  94-GHz  tyttem  it  about  10 
mrad.  The  tyttem  thould  be  able  to  make  quan¬ 
titative  field  meaturementt  over  large  areat. 


bulence,  attenuation,  or  other  propagation  pro¬ 
grams. 

Supporting  instrumentation  includes 
Royco  and  Whitley  particle  counters.  Particle 
sizing  it  available  from  0,015  to  50  pm  with  a 
dilution  capability  for  heavy  concentrations  such 
at  tmoket.  Turbulence  meaturementt  are 
available  with  both  hot-wire  anemometer  or  op¬ 
tical  techniques.  Present  plans  include  testing 
and  use  of  a  field-portable  0-  to  3-km 
transmiwometer  using  a  real-world  aerosol  con¬ 
centration  centrifuge  and  trantmistion  cell 
developed  in  cooperation  with  the  Naval 
Research  Laboratory.  A  high  scan  rate  Block 
Engineering  Fourier  transform  spectrometer  is 
available  (or  obtainir!g  broadband  2-  to  14-pm 
transmiwion. 


Electrical  Engineering  Research 
Laborato^  .— Yhe  EERL  at  the  Univer¬ 

sity  of  Tmas  Hat  a  nucleus  of  pertonnel  With 
strong  experience  in  the  propagation  of  milli¬ 
meter  waves.  This  laboratory  hat  sufficient 
expertise  to  perform  accurate  outdoor  meature¬ 
mentt  on  attenuation  by  water  vapor  at  a  NMM 
wavelength  using,  for  example,  the  calibrated 
come^reflector  technique  ditcutted  in  section 
»  VlI-2.1. 


Wa}/e  Propagation  Laboratory, 
National  Oceanic  and  Atmotpheric  Administra¬ 
tion  (NOAA)  ■— WPL  hat  an  on-going  program 
for  ground-based,  millimeter  wave  radiometric 
measurement  of  total  water  vapor  content  on  a 
zenith  path.  Measurements  are  alto  made  direct¬ 
ly  by  radiosondes.  This  facility  accommodates 
inversion  of  measured  data  to  retrieve  both 
temperature  and  water-vapor  profiles  of  the  at¬ 
mosphere.  Noise  temperature  and  attenuation 
are  measured  and  computed. 


Niaht  Vision  and  Electro-optics 
Laboratory,  ERAPCOM.— The  3.2-km  Wayside 
Later  Range  (about  10  min  from  Ft.  Monmouth) 
is  instrumented  and  used  for  various  later  and 
radar  tests.  This  facility  can  easily  be  made 
available  for  NMMW  system  testing  for  tur- 


Rangc  facilities  also  include  the 
400  ft  Oakhurst  Tower,  which  is  roughly  5  km 
from  the  later  range  and  it  visible  to  each  part  of 
the  range.  In  addition,  the  Wayside  range  has 
several  single  point  targets  at  distances  up  to  8 
km  and  up  to  13  km  utilizing  the  Oakhurst 
tower. 


MIKADCOM  .-MIRADCOM's 
capabilities  in  the  near-milllmetcr  spectral  region 
include; 


Propagation  measurements  at 
NMMW  laser  wavelengths  are  currently  under¬ 
way  on  a  range  which  is,  at  present,  nearly  com¬ 
pletely  Instrumented.  Propagation  measurements 
are  being  made  serially  at  744.  890,  1020,  and 
1200  pm. 

A  cw  heterodyne  system  is  current¬ 
ly  under  construction  which  will  use  two  FIR 
lasers,  frequency  locked  approximately  1  MHz 
apart.  One  will  be  a  master  oscillator  and  the 
other  a  local  oscillator.  The  system  will  also  be 
able  to  operate  in  the  pulsed  mode.  It  will  be 
basically  an  optical  mixer  using  mirrors  and 
beam-spliters.  The  pulsed  system  will  be  used  for 
backscatter  measurements;  the  cw  system  which 
is  currently  in  operation  will  be  used  for 


■imuHiineous  attenuation  tneaiurements.  Opera¬ 
tion  will  be  possible  in  the  wi^rdowB  at  730,  880, 
and  1300 

MIRADCOM  alio  has  an  airborne 
test  facility  which  consists  of  a  gyro-stabilized 
platform  mounted  on  a  helicopter.  Extensive  in¬ 
strumentation  is  mounted  in  the  helicoper.  This 
facility  is  available  for  NMMW  measurement 
programs. 

In  addition  to  the  range  devoted 
solely  to  NMMW  propagation  tests, 
MIRAE>COM  has  the  following  ranges. 

•  A  5-km  laser  test  range. 

•  A  12-lcm,  clear  view,  point-to- 
point  transmission  test  range. 

•  A  210-ft  tower  (Fl  Facility) 
(formerly  a  Saturn  teat  tower)  which 
has  approximately  a  1-km  path  from 
the  foot  of  the  tower.  Most  of  the 
5-km  laser  test  range  is  available  from 
this  tower  for  small  depression  angles. 
There  is  no  practical  weight  limit  on 
equipment  that  can  be  placed  on  this 
tower.  Measurements  at  3.2  mm  are 
now  underway  on  this  tower  to  obtain 
target  and  background  signatures. 

•  A  tower  100  ft  above  the 
S-km  range  (radar  tower)  is  available 
for  tests.  It  has  a  working  area  of  300 
ft». 

Harry  Diamond  Laboratories 
ERAPCOM  .—Harry  Diamond  Laboratories 
is  developing  a  capability  for  providing  the  data 
base  required  for  design  of  NMMW  systems.  A 
mobile  measurement  facility  (MMF)  is  being  con¬ 
structed  for  this  purpose  under  a  contract  with 
the  Engineering  Experiment  Station  of  the 
Georgia  Institute  of  Technology.  This  system 
will  allow  simultaneous  measurements  at  94, 
140,  and  220  GHz  of  radar  cross  sections  of 
targets  and  background  clutter  in  both  the 


monostatic  and  bistatic  modes.  The  antennas 
will  be  adjustable  and  have  sufficiently  narrow 
beamwidths  for  making  measurements  indepen¬ 
dent  of  multipath  effects.  It  will  also  be  possible 
to  make  measurements  with  this  facility  of  at¬ 
tenuation  a  backscatter  in  clear  air,  fog,  rain, 
smoke,  and  chaff.  The  1-kHz  PRFs,  lOO-ns 
pulsewidths,  and  positionable  range  gates  of  the 
system  will  allow  investigations  of  temporal  and 
spatial  fluctuations  of  measured  parameteis  for 
ranges  of  0.5  km  or  more  at  220  GHz  and  1.0  km 
or  more  at  94  and  140  GHz. 

The  MMF  will  be  housed  in  two 
large  trailers  that  will  receive  electric  power  from 
a  portable  generating  station.  A  second  mobile 
station  is  being  constructed  by  the  Atmospheric 
Sciences  Laboratory  to  provide  complete  meteor- 
ologicnl  characterization  of  the  environmental 
conditions  during  the  measurements.  Data  ac¬ 
quisition  and  processing  systems  In  the  NMMW 
and  meteorological  vans  will  allow  real-time 
monitoring  and  field  evaluation  of  experimental 
results,  The  system  is  scheduled  to  begin  opera¬ 
tion  in  the  fall  of  1980. 

Follow-on  plans  for  improve¬ 
ment  of  the  MMF  capability  Include  addition  of  .i 
Fourier  transform  spectrometer  for  broadband 
attenuation  measurements  in  the  90-  and 
400-GHz  frequency  range,  and  conversion  of  thu 
system  for  coherent  operation. 

Smoke  Facilities  .—The  quality  of 
smoke  (and  dust)  test  instrumentation  and 
methodology  has  improved  rapidly,  over  the  last 
few  years.  A  variety  of  Army  facilities  exist  for 
open-air  smoke  tests  that  employ  the  appropriate 
munitions  detonated  either  dynamically  or 
statically.  The  Office  of  the  Project  Manager'  for 
Smoke/Obscurants  periodically  stages  tests  in 
which  well-characterized  smoke  (or  dust,  or 
both)  environments  are  produced,  and  many  in¬ 
vestigators  are  invited  to  gather  propagation  or 
system  performance  data  in  these  environments. 
Such  tests,  termed  "Smoke  Weeks,"  have  been 
held  at  White  Sands  Missile  Range  and  Eglin  AFD 
with  future  plans  to  be  determined  by 


« 


community-wide  data  .requirement*.  Data 
retulting  from  these  test*  (Smoke  Weeks  I  and 
ID  a*  well  as  that  (rom  many  others  which  the 
PM  Office  has  supported,  are  available  from 
that  office.  Future  requirements  for  NMMW 
smoke  and  dust  propagation  ck't»i  should  be  in¬ 
tegrated  into  the  many  ongoing  and  planned  ac¬ 
tivities,  This  integration  can  be  accomplished 
through  the  PM  Office,  which  is  the  Army's 
single  focal  point  for  such  activities. 

Georgia  Institute  of  Technology 
(GI'T)  GIT  Engineering  Experiment  Station 
has  facilities  for  the  performance  of  propaga¬ 
tion  measurements.  A  campus  facility, 
meteorologically  instrumented  for  short  ranges 
of  600  and  1200  ft  ('^^182  and  366  m)  is  capable 
of  simultaneous  measurements  at  wavelengths 
from  0.48  pm  to  3  cm.  Sources  available  Include 
lasers  (argon,  COt,  HCN,  NMMW  optically 
pumped),  a  300-GHz  carcinotron,  and 
microwave  sources  at  230,  140,  and  94  GHz 
and  lower  frequencies,  A  SOOO-ft  (lS24-m)  ex¬ 
tension  of  this  range  exists.  Rain  backscatter 
measurements,  radiometric  measurements  at 
183  GHz,  turbulence  measurements,  and 
adverse  weather  propagation  are  current  areas 
of  interest.  Off-campus  facilities  include  a  range 
in  northwest  Atlanta,  GA,  and  a  facility  at 
Boca  Roton,  FL  (for  sea-state  studies  and  prop¬ 
agation  over  water).  Instrumented  vans  provide 
the  means  for  propagation  and  target/ 
background  measurements  at  sites  of  interest. 
For  example,  snow-return  measurements  have 
been  made  with  apparatus  mounted  in  one  of 
these  vans. 


VU-4.3  Addendum— Facilities  Listing 

The  organizations  discussed 
above  were  known  to  the  members  of  the  Prop¬ 
agation  Subpanel  as  being  involved  in  experi¬ 
mental  programs  concerned  with  the  propaga¬ 
tion  and  target/background  characteristics  of 
NMMW  radiation.  While  they  certainly  repre¬ 
sent  a  good  portion  of  the  work  being  done  in  the 
field  today,  a  number  of  other  institutions  are 
also  involved.  This  has  been  demonstrated  by 
the  number  of  journal  papers  appearing  in  the 
last  few  years  and  in  the  talks  given  at  such  inter¬ 
national  symposia  as,  for  example,  the  2nd  and 
3rd  International  Submillimeter  Wave  Con¬ 
ferences  and  the  1977  NATO  Millimeter/Sub¬ 
millimeter  Conference. 

As  a  service  to  the  reader,  the 
editors  have  provided  the  following  listing  (table 
VII'l)  of  institutions  involved  in  the  experimen¬ 
tal  aspects  of  NMMW  propagation  and  target/ 
background  characterization.  The  organizations 
listed  were  drawn  from  the  authorships  of 
presentations  and  publications  in  the  field  over 
the  past  few  years,  as  well  as  from  the  personal 
contacts  made  by  the  editors  and  the  subpanel 
members.  Names  have  been  provided  of  in¬ 
dividuals  who  might  be  used  as  points  of  contact 
for  their  respective  institutions.  Such  a  listing  is 
destined  to  be  incomplete  and  highly  time 
dependent;  however,  it  should  provide  several 
entry  points  for  the  reader  who  seeks  contact 
with  workers  in  some  particular  area.  The 
editors  offer  their  apologies  for  any  errors  or 
omissions,  and  hope  that  this  listing  of  facilities 
and  points  of  contact  will  prove  useful. 


TABLE  Vn-1.  EXPERIMENTAL  FACILITIES-NMMW  PROPAGATION  AND 
TARGET/BACKCRCKJND  CHARACTERIZATION 


IiMlituUiia 


Atm  of  InvMtlsaHon 


Paint  of  contact 


1.  Department  of  the  Army 


Armamenla  RAD  Command 
(ARRADCOM): 

Balltotic  Reeearch  Laboratory 
(BRL) 

Aberdeen  Provlni  Ground, 

MD 

Amy  Reeearch  Office 

Reeearch  TriantIc  Park,  NC 

Electronla  RaD  Command 
<ERADCOM)t 

Atmoepheric  Sdencce  Labora¬ 
tory  (ASL) 

White  Sandi  MImIIc 
Range,  NM 

Combat  SurvellUncc  A 
Target  Acquliltlon 
Laboratory  (CSTAL) 

Ft,  Monmouth,  N] 

Harry  Diamond  Laboratoriee 
(HDL) 

Adelphl,  MD 

Night  Villon  A  Electro-upHci 
Laboratory  (NVEOL) 

Fort  Delvoir,  VA 

Mltille  RAD  Command 
(MIRADCOM)i 

Redatone  Areenal,  AL 

MImIIc  Reacarch  Director¬ 
ate  (MRD) 

Advanced  Senaora  Director¬ 
ate  (ASD) 

Tank-Automotive  RAD 
Command  (TARADCOM) 

Warren,  Ml 

Project  Manager  for  Smoke/ 
Obicuranta 

Aberdeen  Proving  Ground,  MD 


Propagation  through  aeroaola  (particularly  amokea  and 
obacuranti)  target/background  aignaturea 


Sponaor  of  baalc  reacarch 


Propagation  through  clear  and  obacured  atmoepherca; 
mcaauremcnt  Icchnlqucti  propagation  data  baac) 
atmoapheric  modeling 


Stationary  target  claiaificatton 


Mobile  Meaaurement  Facility  (MMP),  operatlona  and 
maintenance;  material  reflectivltiea;  multipath 
meaaurementa 

Propagation  through  aeroaola;  propagation  through 
artillery  barragea;  turbulence  atudica;  battle¬ 
field  aeroaol  modeling 


Propagation  through  clear  air  and  aeroaola;  target  and 
background  aigrtalurce;  target  material  properilea 

Target  and  background  aignaturea  and  target 
claaaification 

Vehicle  aignaturea 


Conduct*  Smoke  Week  field  teats 


Arthur  LaCrangc 
Richard  McGee 


Leo  Alpert 


Donald  Snider 
Kenneth  White 


William  Fishbein 


Joeeph  Nemarich 
Gregory  Cirincione 

John  Johnson 


Richard  Hartman 


George  Emmons 


G.  J.  Meinnea 


Anthony  Vanderwall 
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TAIU  VD-l.  EXnPUKOm'AL  FAdUTIES-NMMW  ntOTAGATlON  AND 
TARCET/IACXGROUND  CHAKACTHUZATION  (Conl'a) 


Ana  of  lavattigatioM 

Polnl  of  contact 

U.  D«|Mrtn»nl  of  Iht  Navy 

Naval  RaftaKh  Laboratory 

Radiometry;  hlgh-altllude  signatuies 

Ben  Yapicc 

(NRL) 

WaiNnglon,  DC 

lames  P.  HoUtnger 

Office  of  Naval  IKttaarch) 

(ONR) 

Botton,  MA 

Atmospheric  physics 

J.  Hughes 

lU.  Dapartmint  of  lha  Air  Foret 

AF  Gaophydcal  Laboraloiy 
(AFCU 

HaiNcomb  AFB,  MA 

Aircraft  mcasurtments 

J.  Caring 

Rohm  Air  Dtvalopmtnt  Cviittr 
Hamcomb  AFB,  MA  ind, 
CrifflM  AFB,  NY 

Vertical  propagation  mauurcments;  scattering  over 
snowi  atmotphsiic  physics 

B.  E.  Altschuler 

D.  T.  Hayes 

E.  A.  Lewis 

Air  Forot  Aimaimiit 

Laboratory 

Ellin  AFB,  FL 

Target/background  signatures 

Davut  Ebeoglu 

IV.  Other  Government  Agenclee 

National  Aaronaulict  and 

Space  Admlnietration 
'  Goddard  Space  FU|ht  Center 
Greenbelt,  MD 

Prupagation  through  clear  atmosphcrei  snow  backscatter; 
radiometry 

Nelson  McAvoy 

J.  L.  King 

National  Oceanic  and  Atmoe- 
pheric  AdmiriUtration 

Wave  Propegation  Laboratory 
Boulder,  CO 

Propagation  through  atmosphere ' 

David  C,  Hogg 

V,  Private  Industry 

Block  Engineerlni 

Broadband  propagation  irwasurcments 

C.  Wyntles 

Environmental  Research  and 
Technoloty,  Inc. 

Near-field  effects 

R.  K.  Ci'ane 

Environmental  Research  Insti¬ 
tute  of  Michigan  (ERIM) 

Ann  Arbor,  MI 

Target  signatures)  material  properties)  ncar-ficid  teste 

E.  L.  Johanson 
Cwynn  H,  Suits 

TAKE  VU-1.  EXPERIMENTAL  FAaUTIES-NMMW  PROPAGATION  AND 
TARCrr/BACKCROUND  CHARACTERIZATION  (CMiPd) 

IwUtaiUiiM 

Area  of  lavaadlgatlon 

Potat  of  contact 

Ford-Aaronutronlc  Division 
Nawport  Beach,  CA 

Laboratory  propagation  and  backacatter  measurements 

D.  E.  Burch 

(leorgla  InaUhitc  ol 

Tachnology  Engimarini 
Exptrimcnt  Station 

Atlanta,  CA 

Propagation  measurements  through  clear  atmosphere  and 
aerosclsj  sea  cluttcrj  reflectivity  of  targets  and  luckgrounds; 
reflectivity  and  emlasivlty  of  snow  and  Ice 

|. ).  Gallagher 

N,  C.  Currie 

R.  D.  Hayes 

HughH  Rftcenh 

Laboritorias 

MaUbu,  CA 

Target/background  signatures;  multlapectral  Inaaging 

D,  Lynch 

Institute  ct  Telecommunication 
Sciences 

Boulder,  CO 

Laboratory  measuremaita  of  gases 

H.  ].  Uabe 

]et  Propulsion  Laboratory  (JPL) 
Pasadena,  CA 

High*altltudc  studies;  atmospheric  compoeition 

1  W.  Waters 

Sperry  Research  Center 

Target  classification 

- 

University  ol  California  at 
Berkley 

Berkley,  CA 

Propagation 

R.  L.  Plambcck 

University  of  Florida 

Reflectance  of  snow 

R.  C.  Anderson 

University  of  Texas 

Electrical  Engineering 

Propagation  measurements 

A.  Stralton 

Rmareh  Laboratory 
Vt.  .  orcign  Hclor 


Canaria 


University  of  British 

Columbia 

Vancouver,  BC 

Rain  measurements 

M.  M.  Kharadly 

University  of  Calgary 

High-altitude  measuranents 

D.  J.  W.  Kendall 

Federal  Republic  of  Germany 

DFVLR  Oberpfaffenhoftii 
Wessling 

Radar  signatures 

M,  Vogel 

FGAN 

Wachtberg-Werthoven 

Traiumisiion  and  backscattcr 

B.  Bans 
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TABLE  VltH,  EXTUUMENTAL  rAaUTIBS-NMMW  PROPAGATION  AND 
TARGET/BACKCRUUND  CHARACTERIZATION  (CanPd) 


liwBtuliM 

ArM  of  liiv«ti|MtM 

Point  of  contact 

Gtrmtn  MlUUry  Gtophyikt 
0(flct 

Prapaftllon 

K.  B.  PUhtr 

Italy 

iRilltuta  dl  Pula 

HlpkmUltuiU  nwMUftmtnU 

E.  Buaaolattl 

Ntllwiiuvdt 

TN'O-HKyticil  Uboratory 

0)'  Iht  MiMuml  DHcnN 

TIvfHau* 

Piopapatlon  and  icaltarins  In  rain 

L  Sntidar 

SwilnrUnd 

Univwtily  of  Btrr* 

AtmoaplMrk  iludlti 

K.  P.  Kiinil 

Unitad  KlngdMn 

Adiniralky  Surftc*  WMpont 
BitabllihimnI 
rorUmouth  Huntt 

Propagalloni  mw  raflactlvtly 

R.  ].  Stai  wall 

AppUton  LaboMloriM 

Slouth,  Dittan  P«rk 

Zanith  maaiuitmanU 

C,  Cibboni 

ImptrUl  ColUp* 

Lnmion 

Propapatlon;  anomaloui  tffccU 

H.  AUataIr  Gtbbia 

BMl 

WMton  luprt  iMN 

Tarptl  «l$nalurw  and  inodHInp 

Sid  Woolcock 
LMCram 

NatloMi  PKyUcal 

Uborttory 

Ttddintton 

Hl|h-altltuda  ttuditt 

1.  E.  Hanriia 

Univrrdly  ol  Bradlord 
Bndfordthln 

Nwr  fUld  tfiKti 

D.  P.  Haworth 

Unlvantty  of  Cambrldpt 

Abaotuta  aimoaphvrlc  mataumnanto 

K.  E.  Itllla 

Univorelly  ColUpi,  London 

'Purbolanea 

R.  S.  Cola 

USSR 

USSR  Aeadimy  of  Sdonc* 

MIIHmatar/iiubmiUlmatar  propagation 

A.  V.  Sokolov 
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CHAPTER  Vni. -CONCLUDING  REMARKS 


by  Stanlty  M.  Kulpa/  Edward  A.  Brown,  and  Dominick  A.  GlgUo 


Those  who  can't  remember  the  past  are  condemned  to  repeat  It, 


Georgf  Santayana's  prophetic  words  bear,  in 
many  ways,  directly  upon  the  current  interest  in 
near-millimeter  wave  technology.  Perhaps 
nowhere  does  this  become  more  apparent  than 
when  one  investigates  the  World  War  II  activities 
of  Division  14  (Radar)  of  the  National  Defense 
Research  Committee.'  H.  E.  Guerlac,  in  his  com- 
preheruive  history*  of  Division  14,  provides 
background  on  the  activities  leading  to  the  devel¬ 
opment  of  K-bund  (*^1  cm)  technology.  One  of 
the  most  significant  decisions  in  this  effort  was 
made  at  a  meeting  held  at  Columbia  University 
on  7  August  1942. 

The  purpose  of  this  meeting  was  to  coordinate 
the  K-band  work  of  various  American  groups 
and  to  prepare  for  eventual  cooperation  with  the 
British.  The  principal  problem  before  the  con¬ 
ferees*  was  to  suggest  a  standard  wavelength  so 
that  a  coordihated  attack  could  be  made  to  open 
up  the  new  band.  In  brief,  the  result  of  this 
meeting  was  the  adoption  of  1.25  cm  (24  GHz)  as 
the  wavelength  at  which  K-band  Work  would 
proceed.  The  British  had  preferred  1,6  cm  (18.8 
GHz)  mainly  because  it  was  the  second  harmonic 
of  an  established  X-band  frequency.  However, 
they  bowed  to  the  choice  of  the  1,25-cm 
wavelength  as  a  "compromise"  between  1.6  cm 
and  the  other  most-considered  wavelength  of 
1  cm. 


‘Sutnimrj^  Ticlinical  Ktport  of  DIvUIom  ]<—  Nadonnl  Dtfimo 
Rtuar'-h  Commlltei,  Volum«  :—Radur,  lVa«hi«(|t DC  (194SJ. 

'H.  £.  Cutrlac,  KaJar  lit  World  War  II,  avallabU  from  Library  of 
CongntM  PhotoilupUealion  Stn’ici,  PB  93C18  th  oush  PB  9M31  (May 
1947). 

‘Prtutit  at  Iht  ’tutting  wtrt  f,  Ktllog  and  A.  Nordwick  of  Colum¬ 
bia,  E.  M,  Purctll,  N.  K  Ranuty,  H,  V,  Nthir,  C.  C.  Monljothatv, 
and  D.  Monigotntry  of  MIT,  E.  L  GIntton  of  Sparry  Gyroicopr; 
C.  C,  Southwotih,  S.  Rohirtion.  and  T.  M.  OJartnko  of  Btll 
Laboralorlii, 


As  discussed  in  Chapter  I,  a  wavelength  of 
1.25  cm  unfortunately  corresponds  closely  to  the 
22-GHz  water  absorption  line,  thus  leading  to 
limited  range  capabilities  (or  radar  applications. 
The  stage  was  thus  set  (or  the  long  controversy 
as  to  the  utility  of  millimeter  waves.  Had  the 
alternative  1.6  cm  wavelength  proposed  by  the 
British  been  chosen,  round-trip  atmospheric 
transmission  over  a  typical  target  range  of  20 
miles  would  have  been  nearly  400  percent  greater 
and  the  history  of  millimeter  wave  technology 
might  have  been  quite  different. 

The  editors  have  had  the  opportunity  to 
discuss  the  Columbia  meeting  and  its  Implica¬ 
tions  for  K-band  research  effort  with  Professors 
E.  M.  Purcell  and  J.  H.  Van  Vleck  of  Harvard 
University.  Professor  Purcell,  then  head  of  the 
Fundamental  Development  Group  (Group  41)  at 
the  Massachusetts  Institute  of  Technology  (MIT) 
recalled  the  meeting; 

The  committee  (in  choosing  1.25  cm)  was 
oblivious  to  the  theoretical  predictions  of 
water  vapor  absorption.  We  should  have 
been  aware  had  we  done  our  homework,  but 
we  were  not." 

Professor  Purcell  then  went  on  to  describe  his 
group's  efforts  with  a  breadboard,  1.25-cm  radar 
atop  MIT's  Bldg.  6,  beginnir\g  in  the  fall  of  1942; 

"We  were  somewhat  mystified  since,  as 
work  proceeded  (or  the  next  several  months, 
the  performance  of  various  components  of 
the  radar  was  improved,  yet  the  operating 
range  steadily  decreased.  What  in  fact  we 
eventually  found  was  that  we  were  observ¬ 
ing  the  onset  of  spring  in  New  England  and 
its  associated  increase  in  absolute  humidity." 
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In  the  spring  of  1942,  Professor  Van  Vleck, 
then  a  consulting  member  of  the  Radiation 
Laboratory  Theory  Group,  had  done  prelimi¬ 
nary  calculations  on  the  intensity  and  position  of 
the  water  absorption  line  near  1  cm.  Results  of 
some  of  his  work  were  published  in  a  1943 
clauified  report  calling  attention  to  the  fact  that 
the  absorption  peak  occurred  near  1.5  cm.  Com- 
1  munlcations,  however,  with  the  K-band  ex¬ 

perimental  group,  especially  in  the  early  stages  of 
Van  Vleck's  work,  were  not  timely  and,  as  Pro¬ 
fessor  Van  Vleck  said, 

"Had  1  been  more  persuasive,  the  physicists 
and  engineers  at  MIT  might  have  been  more 
careful  about  their  choice  of 
wavelength — one  might  have  been  selected 
that  didn't  have  the  water  trouble." 


Little  really  need  be  said  as  to  the  relevance  of 
this  past  history  to  the  current  thrust  in  near- 
millimeter  wave  technology.  The  reader,  having 
digested  the  contents  of  each  of  the  previous 
chapters,  uhould  clearly  see  that  our  current 
knowledge  of  NMMW  propagation  and  target/ 
background  effects  could  easily  lead  to  the  fulfill¬ 
ment  of  Santayana's  prophecy. 


‘  Proper  attention  to  NMMW  atmospheric  and 

1  target/background  effects  obviously  requires  a 

I  careful  balance  between  aggressive  attempts  at 

systems  development  and  a  many-faceted,  long- 
•  range,  basic  research  effort  to  characterize  effects 

t.  first.  One  purpose  of  this  volume  is  to  assist  the 

I  research  community  in  obtaining  this  sort  of 


balance  and  devising  a  well-directed,  productive 
program  of  research  and  development.  In  this 
regard,  two  factors  might  profitably  be  kept  in 
mind. 


First,  a  number  of  technologies  have  produced 
elegant  and  proven  systems  with  relatively 
modest  prior  knowledge  of  atmospheric  and 
target  effects.  An  outstanding  example  is  the 
very  successful  forward-looking  infrared  system 
(FLIR),  operating  in  the  8-  to  14-fim  band. 
Though  research  is  still  continuing  on  many 


aspects  of  propagation  in  that  region,  it  is  unlike¬ 
ly  that  these  detailed  results  together  with  more 
complex  modeling  efforts  will  significantly  affect 
the  utility  of  FLIR.  In  a  similar  fashion,  the 
NMMW  atmospheric  and  target/background 
community  should  be  careful  to  focus  on  those 
areas  which  are  most  likely  to  directly  impact  the 
application  of  the  technology.  As  a  result  of  this 
study,  several  of  these  areas  have  been  identified 
and  are  presented  in  summary  form  later  in  this 
chapter. 

Second,  from  the  study  it  is  abundantly  clear 
that  the  current  understanding  of  basic  atmos¬ 
pheric  and  target/background  phenomena  is 
quite  limited.  At  a  recent  MIRADCOM  work¬ 
shop  on  these  effects,  some  of  the  observed 
phenomena  were  even  classified  as  "spooky." 
Another  worker  at  ARRADCOM  has  expressed 
his  frustration  at  attempted  200-GHz 
measurements  saying,  "Every  time  we  turned  the 
equipment  on,  we  saw  something  different."  The 
point  here  is  that  the  real  data  base  is  extremely 
limited  and  first-order  engineering-type  estimates 
using  a  simple  extension  from  microwave  obser¬ 
vations  do  not  appear  to  be  sufficient.  In  addi¬ 
tion,  the  various  atmospheric  and 
target/background  effects  are  so  strongly 
dependent  upon  meteorological  variables,  that 
unless  one  specifies  quite  clearly  the  environment 
within  which  operation  is  required,  the 
arguments  pro  and  con  as  to  the  utility  of 
NMMW  technology  become  moot.  The  general 
solution  for  attenuation,  backscatter,  target 
return,  etc.  represents  an  extremely  complex 
problem  which  can  only  be  reduced  to  certain 
tractable  common  elements  of  physics  after 
deciding  on  the  desired  range  of  operational 
weather  environment. 

The  relative  importance  of  system  develop¬ 
ment  as  opposed  to  further  research  to  expand 
the  current  data  base  can  be  Illustrated  by  a  sim¬ 
ple  example.  Consider  the  propagation  data  base 
requirements  fur  the  design  of  a  high-resolution, 
220  GHz,  ground-to-ground  tracking  radar. 
Typically,  the  specifications  guideline  might  be 


that  the  system  operate  to  ranges  of  2.5  km  in  a 
lOO-m  visibility  fog  or  a  4-mm/hr  rain.  Obvious¬ 
ly,  an  immediate  requirement  exists  for  reliable 
estimates  of  one-way  transmission  losses  through 
these  environments. 

As  the  study  of  this  volume  will  reveal,  proper 
response  to  this  requirement  depends  on  a 
number  of  important  factors: 

(a)  At  what  geographic  location  is  operation 
required?  Geographic  as  well  as  seasonal  varia¬ 
tions  in  humidity  and  temperature  can  drastical¬ 
ly  (by  10  to  IS  dB/km)  affect  clear  air  attenua¬ 
tion. 

(b)  What  type  of  fog  is  to  be  encountered? 
Though  visibility  is  an  appealing  characteriza¬ 
tion  from  perhaps  the  radar  operator's  point  of 
view,  it  is  Insufficient  for  design  purposes.  The 
only  reliable  characterization  in  the  NMMW 
region  is  liquid  water  content.  Fog  with  a  visi¬ 
bility  of  100  m  can,  depending  on  its  type,  con¬ 
tain  varying  amounts  of  liquid  water  leading  to 
attenuation  (actors  (dB/km)  differing  by  a  fector 
of  four. 

(c)  What  is  the  temperature  during  the  fog  or 
rain?  The  effects  of  lower  temperature  with  near¬ 
saturation  conditions  have  not  been  well- 
characterized  and  there  is  evidence  to  indicate 
that  such  conditions  may  yield  higher  attenua¬ 
tions  than  expected.  In  addition,  only  very 
limited  data  exist  for  the  temperature  dependence 
of  liquid  water  dielectric  constants  necessary  in 
the  calculations  of  fog  absorption. 

(d)  What  types  of  rain  and  wind  conditions 
are  to  be  encountered?  Depending  on  conditions 
(drop  size,  wind,  spatial  distribution,  etc.)  the  at¬ 
tenuation  for  a  given  rain  rate  can  fluctuate 
several  dB/km. 

To  provide  a  perspective  on  the  danger  of  sim¬ 
plified  predictions  which  do  not  account  for 
these  various  factors,  it  is  illustrative  to  attempt 
an  estimate  of  the  attenuation  values  baaed  on 
currently  available  data.  Assume  for  the  moment 


that  the  220-GHz  radar  design  problem  has  been 
narrowed  by  specifying  an  environment  whose 
temperature  is  273  K,  thus  yielding,  at  satura¬ 
tion,  a  water  vapor  content  of  4.83  g/m’  (fig. 
II-l,  Ch  II).  In  addition,  for  a  100-m  visibility  fog 
the  water  density,  di,  can  range  approximately 
from  0.1  to  0.4  g/m*  (fig.  111-6,  Ch  III)  depending 
on  the  type  of  fog.  As  indicated  in  Chapter  1, 
water  vapor  attenuation  appears  to  be  related  to 
the  presence  of  liquid  water  in  or  near  the  trans¬ 
mission  path.  However,  for  lack  of  a  more  quan¬ 
titative  relation  to  describe  these  effects,  we 
assume  that  the  effects  of  vapor  and  liquid  in  fog 
or  rain  are  simply  additive. 

Table  VIII-I  lists  the  best  estimates  obtainable 
for  the  clear  air  water  vapor  attenuation  from  the 
discussion  in  Chapters  I  and  II.  The  limited 
calculations,  chamber  experiments,  and  field 
tests*'*  yield  attenuation  values  (dB/km)  varying 
by  nearly  a  factor  of  .seven. 

In  Chapter  III,  fog  attenuation  was  calculated 
based  upon  Rozenberg's*  dielectric  constant  data 
at  27.3  K.  For  a  liquid  water  content  varying  be¬ 
tween  0.1  and  0.4  g/m*,  the  predicted  fog  at¬ 
tenuation  varies  between  approximately  0.6  and 
3.5  dB/km.  As  indicated  in  Chapter  III,  there  is 
some  question  as  to  the  reliability  of  Rozenberg's 
data.  The  temperature-dependent  measurements 
recently  published  by  Afsar'  yield,  when  ex¬ 
trapolated  to  220  GHz  and  273  K,  a  slightly  dif¬ 
ferent  range  of  values,  0.4  to  4.7  dB/km. 
However,  the  principal  factor  responsible  for  the 
uncertainty  is  still  the  variation  of  liquid  water 
content  of  the  100-m  visibility  fog, 


tv.  tVflOn,  Abtorfilhii  anil  Emiulon  by  Almotfiherlc  Cant, 
Mtihodt  of  Ea/iaiinunlal  Phy»lc»,  Vol,  12,  Part  B,  Chaplir  2,3, 
Acadimtc  Priu  (19761 

*D,  T,  Lltwtlli/n-lontt  tl  al,  Absorption  by  Waltr  Vapour  at 
7,1  cMi"  and  Its  Ti/mptralui*  Dsptndsnct,  Natans,  Vo/.  27i  (August 
1979),  976-m, 

•R.  /.  Einsry  at  al,  Msasursmsnis  of  Anomalous  Absorption  In  the 
Wave  Number  Range  4  cm"'  ■  IS  loumal  of  Atmospherh-  and 
Terrestrial  Physics,  Vol,  37  (197!),  197-fl94, 

*V.  J.  Rosenberg,  Scattering  and  Attenuation  of  Elactromagnelle 
Radiation  by  Atmospheric  Particles,  Hydrometeorological  Press,  Len¬ 
ingrad,  USSR  (1972), 

’M,  N,  Afsar  and  f,  B,  Hasted,  Submllllnieler  Wave  Measurements 
of  Optical  Conslunts  of  Water  at  Various  Temperatures,  Infrared 
Physics,  Vol,  13  (1978),  83S-841. 
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TABLE  VIO-l.  CLEAR  AIR  ATTENUATION 


DilaMMiKS 

v(GHs) 

«H,0 

e  (dB/kml 

1. 

Model— Grow  line  ihape  (T  300  K)  caleuktlon  plus  Gaut  end  Relfeivtcln 
contetion  term  (273  K)t  linear  sealing  with  Sh,o'  (t-'hspt«‘  1) 

220 

4.63 

1.9 

a. 

Model— Van  VIeek/Weitekopf  lUve  shape  plus  empirical  cometion  (T  2M  K)) 
linear  scaling  wHh  6^.0  (ChapMr  11) 

220 

4.85 

1.6 

3. 

Chamber  measurements  (T  -  270  K).  (Chspler  I) 

213 

■''4.0 

9.2 

4.65 

11.2* 

4. 

Field  meMuremsnU  (T  275  K)  scaled  from  21fr-m  path  to  1  km.  (Chapter  1) 

210 

M.O 

7.2 

4.85 

8.7" 

“Valtit*  for  -  4,85  g/m*  oblalrud  by  linnr  icaling, 


As  regards  the  effects  of  rain,  the  data  in 
Chapters  I  and  III  clearly  show  that  for  a  given 
rain  rate,  attenuation  can  differ  significantly, 
depending  on  various  factors  (drop  size  distribu¬ 
tion,  wind,  etc.).  Comparing  available 
measurements  and  calculations,'*"  the  best 
estimate  for  2!20-CjH2  attenuation  by  a  4-mm/hr 
rain  vary  between  approximately  1  and  7 
dB/km. 

Table  VlII-2  summarizes  the  resultant  varia¬ 
tions  of  total  one-way  attenuation  during  the  fog 
and  rain  conditions  specified  for  operation  of  the 
radar.  Considering  the  fact  that  for  radars, 
typical  total  system  error  budgets  are  at  worst 
approximately  ±10  dB,  uncertainties  of  10  to  15 
dB/km  in  the  one-way  transmission  loss  are 
clearly  unacceptable.  The  wide  variations 
demonstrate  the  relatively  immature  status  of 
knowledge  of  propagation  phenomena  in  the 


V.  Utimltr,  Hiiln  Aiunuallan  ofMlltlmnir  IVmu  «l  *  -  3,77, 3,J, 
»nd  1  nun,  lEBE  TnmnulhH$  on  AnlrnHU  tnd  Propagailoii,  Vol, 
AP  Zl  No.  2  (March  1973),  213-220, 

’V,  W,  Richard,  ],  E,  Kumnurtr,  tmdR,  C,  Rtilt,  liOGHiAlltnua- 
Hon  and  Optical  Vltiblllty  Maaturtmanli  of  fog.  Rain,  and  Snow, 
US,  Army  BatlliUe  Raaaarch  laboratory  MfuioruNrfuiN  Kfooft 
ARflRt-MR-2KW  (Dccimbtr  1977), 

“D,  T.  Llawallyn-lonti  and  A,  M,  Zavody,  Rainfall  Alltnuallan  at 
119  and  390  CHk,  Ekclronici  Lallan,  Vnl,  7,  No,  12  (1971),  321-322, 
"W,  P,  M,  N,  Kaltar,  ],  Shlalda,  and  C.  D.  da  Haan,  Rain  Allanua- 
Hon  Maasuramanla  at  94  CHti  ComparUon  of  Theory  and  Eiparl- 
mant,  NATO  ACARD  Confaranca  Procaadingt  No,  243  (Mrvary 
1979). 


NMMW  region  and  the  importance  of  precise 
specification  of  the  various  meteorological  vari¬ 
ables.  This  example  is  but  one  of  many  which 
could  be  tabulated  from  this  volume  to  demon¬ 
strate  the  relatively  meager  technology  base  for 
NMMW  propagation  and  target/background  ef¬ 
fects. 


TABLE  VUI.2.  BEST  ESTIMATE  OP  SOOCHx 
ATTENUATION  BY  A  100-m  VISIBILl TY  POC  AND  A 
S-mm/hr  RAIN  (T  -  0  C) 


anenuitMB/km) 

1-km 

trammlselon  (%) 

Clear  air 

1.6  to  11.2 

100-m  (og 

0.4  to  4.7 

Total 

2.0  to  15.9 

63  to  3 

Clear  air 

1.6  to  11.2 

4-mm/hr  rain 

1  to  7 

Total 

2.6  to  18.2 

55  to  2 

Anticipation  of  this  state  of  affairs  was,  of 
course,  one  of  the  principal  factors  which 
motivated  the  entire  Near-Mllllmeter  Wave 
Technology  Base  Study.  The  various  panel 
meetings,  visits,  discussions,  and  literature 
studies  have  allowed  for  the  identification  of  key 
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ficton  for  providing  program  guidance  in  the 
further  study  of  NMMW  propagation  and 
target/background  effects.  These  factors  may  be 
summarixed  in  two  basic  categories.  Table  VIII-3 
lists  those  anas  of  a  general  natun  which  have 
been  highlighted  u  a  lesult  of  the  study.  These 
general  areas  an  accompanied  in  table  VIII-4  by 
important,  specific  issues  (not  in  order  of  priori¬ 
ty)  which  must  be  addressed  in  futun  efforts  to 
develop  a  mon  matun  technology  base.  The 
nader  nuy  find  appropriate  expansion  of  these 
various  thiusts  and  iuiies  in  the  pneeding 
chapters  and  the  numerous  nfennees  provided 
throughout  the  volume. 


TABLE  VIIM.  RECOMMENDED  RESEARCH 
THRUSTS  (Conk'd) 


*  Structuisd  absorption  in  windows 

*  Qutdrtllc  dtnsiky  dcpondencits 

*  Low  kempcralurc  and  high  humidity  cffKts 

*  Eo|/doud  attanuatlon  and  backscattsr— liquid  and  ics 

*  Rain  attsnuatlon  and  backscattsr 

'  Separation  of  water  vapor  and  liquid  effects 


TABLE  VIIM.  GENERAL  AREAS  OF  FOR 

DEVELOPMENT  OF  THE  NMMW  PROPAGATION  AND 
TARCET/BAOCCROUND  TECHNOLOGY  BASE 


*  94, 140,  230,  34S  GHa 

*  Field  studies  under  statistically  significant  metcoro- 

loflcal  conditions 

*  Adequate  meteoraloglcal  support 

*  Apparatus  portability  for  site  variability 

*  Broadband  Fourier  Tronaform  nMasuremenks  simultan¬ 
eously  with  single  frequency  measurements. 

*  System-specific  measurements 


Temperature/ frequency  dependence  of  liquid  water 
dielectric  constants— varying  ullnlty 

Near  ground  turbulence— intensity  and  angle  of  arrival 
fluctuations,  power  spectra 

Temperature  and  humidity  structure  constants 

Sky  temperature  comparisons 

High-altitude  nadir  radiometric  studies  of  clutter  back¬ 
grounds  and  target  returns 

Material  reflectivities— varied  surface  conditions  and 
coatings 

Snow  attenuation  uiid  backscatter 

Snow  and  moisture  cover  effects  on  target/background 
returns 


TABLE  VUI-4.  RECOMMENDED  RESEARCH  THRUSTS 


*  Origin  of  anomalous  absorption— line  shapes.  Impact 
assumptions,  polymolecular  complexes 


*  Target  Kintillation  due  to  changing  aspe«.'t  angle 
Plume  emissions,  backscatter,  and  attenuation 
‘  Coherent  signature  phenomena 
'  Meteorological  statlsllce 


*  Temperaturt  and  preaaure  dtpendence  of  empirical 
correction  term 


‘  Near  field  effccti 

*  Screening  techniquei— imoke,  duit,  etc. 


Comparlaon  with  infrared  effect! 
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